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1.  INTRODUCTION 

T  cells  of  the  immune  system  are  the  major  combatants  against  cancers. 

T  cell  activation,  proliferation,  differentiation  to  effector  function  and  memory 
generation  are  determined  by  both  positive  costimulation  and  negative 
coinhibition,  generated  mainly  by  the  interaction  between  the  B7  family  and  their 
receptor  CD28  family.  We  have  discovered  the  newer  members  of  T  cell 
costimulatory/coinhibitory  B7  family,  such  as  B7x  and  B7-H3,  and  found  that  both 
B7x  and  B7-H3  down-regulates  immune  responses  via  negative  T  cell 
costimulation  (coinhibition).  Therefore,  we  are  developing  a  new  concept:  T  cell 
coinhibition.  Our  central  hypothesis  of  this  grant  is  that  blockade  of  B7x  and  B7- 
H3  generates  therapeutic  tumor  immunity  against  prostate  cancer. 

We  finished  the  largest  investigation  of  B7  family  molecules  in  human 
malignancy,  823  prostatectomy  patients  for  whom  a  minimum  of  7  year  follow-up 
data  was  available.  This  study  reveals  that  prostate  cancer  patients  with  strong 
expression  of  B7x  or  its  closest  homologue  B7-H3  by  tumor  cells  are  significantly 
more  likely  to  have  disease  spread  at  time  of  surgery,  and  are  at  significantly 
increased  risk  of  clinical  cancer  recurrence  and  cancer-specific  death.  In 
addition,  we  also  find  that  B7x  and  B7-H3  are  over-expressed  in  human  ovarian 
carcinomas  and  breast  cancers.  These  basic  studies  and  clinical  observations 
have  formed  the  foundation  that  targeting  B7x  and/or  B7-H3  could  be  developed 
as  novel  immunotherapies  against  human  prostate  cancer.  The  first  aim  of  this 
proposal  is,  therefore,  to  develop  new  immunotherapeutic  strategies  against 
prostate  cancer  by  anti-B7x  and  ant-B7-H3.  The  second  aim  of  this  proposal  is, 
therefore,  to  examine  combination  therapy  of  anti-B7x/anti-B7-H3  with  other 
therapies. The  understanding  of  these  two  novel  pathway  is  anticipated  to  provide 
new  targets  for  therapeutic  interventions  that  will  aid  the  growing  numbers  of 
prostate  cancer  patients.  In  addition,  it  is  expected  that  the  proposed  research 
will  fundamentally  advance  the  fields  of  T  cell  coinhibition  in  cancer. 

2.  KEYWORDS 

B7x;  B7-H3;  T  cell  coinhibition;  prostate  cancer;  monoclonal  antibodies; 
immunotherapy. 
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3. 


ACCOMPLISHMENTS 


What  were  the  major  goals  of  the  project? 

Task  1.  Develop  new  immunotherapeutic  strategies  against  prostate 
cancer  by  anti-B7x  and  ant-B7-H3  (Months  1-36). 

la.  Generation  of  mAbs  to  human  and  mouse  B7-H3  (Months  1-12). 

lb.  Effectiveness  of  B7x  and/or  B7-H3  blockade  in  a  subcutaneous  prostate 
tumor  model  (Months  6-24). 

lc.  Effectiveness  of  B7x  and/or  B7-H3  blockade  in  treatment  of  prostate 
tumor  metastasis  (Months  12-30). 

ld.  Effectiveness  of  B7x  and/or  B7-H3  blockade  in  treatment  of  primary 
prostate  tumor  (Months  12-36). 

le.  Effect  of  B7x-  or  B7-H3-specific  mAbs  on  T  cell  function  in  vivo  in 
humanized  NSG  mice  (Months  12-24). 

Task  2.  Examine  combination  therapy  of  anti-B7x/anti-B7-H3  with  other 
therapies  (Months  12-36). 

2a. Synergy  between  anti-B7x/B7-H3  therapy  and  blockade  of  PD-1  or 
CTLA-4  (Months  18-30). 

2b. Synergy  between  B7x/B7-H3  blockade  and  regulatory  T  cell  depleting 
(Months  18-30). 

2c.Potential  mechanism  of  anti-B7x/B7-H3  therapy:  blockade  of  B7- 
mediated  T  cell  immunosuppression  (Months  12-36). 

2d. Potential  mechanism  of  anti-B7x/B7-H3  therapy:  effect  on  the 
generation  of  induced  regulatory  T  cells  (iTreg)  and  myeloid-derived  suppressor 
cells  (MDSCs)  (Months  12-36). 

2e. Potential  mechanism  of  anti-B7x/B7-H3  therapy:  antibody-dependent 
cell-mediated  cytotoxicity  and  complement-dependent  cytotoxicity  (Months  12- 
30). 

What  was  accomplished  under  these  goals? 

Task  1.  Develop  new  immunotherapeutic  strategies  against  prostate 
cancer  by  anti-B7x  and  ant-B7-H3  (Months  1-36). 

•  We  have  B7-H3  gene  knock-out  mice.  Therefore  we  took  advantage  of 
these  mice  for  generating  mAbs  against  both  human  and  mouse  B7-H3. 
Briefly,  B7-H3  knock-out  mice  were  immunized  with  lOOug  of  human  B7- 
H3-lg  fusion  protein,  after  3  weeks  the  mice  were  immunized  with  100  ug 
of  mouse  B7-H3-lg  fusion  protein  with  hopes  to  produce  cross-reactive 
antibodies.  Two  immunized  mice  generated  good  anti-B7-H3  antibodies  in 
sera  (Fig.  1),  suggesting  our  immunization  protocol  worked  well. 
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Figure  1.  Immunization  and  screen  of  anti-B7-H3  positive  mice.  B7-H3-/- 
mice  were  immunized  with  human  and  mouse  B7-H3-lg  fusion  proteins.  After 
immunization,  two  mice  generated  good  anti-B7-H3  antibodies  in  their  blood. 


•  One  of  above  two  mice  was  finally  boosted  with  1 00  ug  of  human  B7-H3- 
Ig.  Four  days  after  the  final  boost  half  of  the  spleen  was  harvested  and 
fused  to  a  myeloma  cell  line  and  plated  over  22  plates  in  preparation  for  a 
primary  screening. 

•  ELISA  is  the  traditional  method  that  is  used  to  screen  positive  wells  for 
individual  clones,  but  our  lab  has  recently  developed  a  FACS  based 
protocol  to  perform  the  screening  that  is  much  faster  and  more  suitable  for 
our  purposes.  For  example  we  would  use  3T3  cells  expressing  hB7H3 
tagged  to  YFP  and  3T3  cells  expressing  another  protein  that  is  YFP 
negative.  We  added  these  cells  in  a  50/50  ratio  to  an  individual  well  than 
added  supernatant  from  one  of  the  many  potential  clones  to  the  well  for  30 
minutes  which  we  hoped  to  contain  antibodies  against  B7-H3.  Then  we 
added  a  conjugated  anti-mouse  Ig  for  30  minutes  and  went  to  FACS  to 
look  for  positive  hits  (Fig  2.) 
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Negative  Hit 


Positive  Hit 


FITC  (YFP) 

Figure  2.  Generation  and  screen  of  monoclonal  antibodies  against  human 
and  mouse  B7-H3.  A  representative  example  of  two  possible  outcomes  of 
the  screen.  The  first  are  the  two  different  populations  of  3T3  cells  on  the  x- 
axis  with  none  of  them  bound  to  antibody,  and  the  second  graph  showing 
the  YFP  positive  population  binding  human  B7H3  antibody. 


•  We  went  through  and  screened  all  plates  and  sub-cloned  each  positive 
hybridoma  3  times  to  ensure  a  monoclonal  population.  We  were  able  to 
obtain  a  total  of  9  different  clones. 

•  Following  the  subcloning  of  these  hybridomas  the  next  step  was  to  check 
and  make  sure  that  these  antibodies  were  specific  for  only  B7-H3  and  did 
not  cross-react  with  other  B7  ligand  and  CD28  family  members.  In  our  lab 
we  have  generated  3T3  cells  to  express  all  of  the  B7  ligand  and  CD28 
receptor  family  members  and  tested  all  clones  to  exclude  ones  cross¬ 
reactive  to  other  B7/CD28  members  (Fig.  3). 

•  8E7  and  13A9  are  two  representative  clones  we  have,  which  showed 
good  binding  to  human  B7H3  (left)  and  no  binding  to  any  of  the  other  B7 
and  CD28  family  members  (right)  (Fig.  3).  On  the  other  hand,  one  of  the  9 
clones  12E1 1 ,  in  addition  to  binding  highly  B7H3  it  also  bound  to  all  of  the 
other  family  members  (Fig.  3),  making  it  non-specific  and  unuseable  for 
our  purposes.  So  this  left  us  with  8  hybridomas  to  work  with. 
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Figure  3.  Specificity  of  our  nine  clones  against  human  B7-H3. 


What  opportunities  for  training  and  professional  development  has  the 
project  provided? 

Nothing  to  Report 

How  were  the  results  disseminated  to  communities  of  interest? 

Nothing  to  Report 

What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the 
goals? 

We  will  1)  screen  our  above  mAbs  against  B7-H3  to  find  which  ones  are 
able  to  generate  anti-tumor  immunity;  and  2)  Generate  new  mAbs  against  human 
B7x  and  test  their  ability  to  induce  anti-tumor  immunity. 
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Background:  p27T187A  knockin  mice  facilitate  studying  p27I<ipl  protein  in  physiology. 

Results:  p27T187A  knockin  prevented  pituitary  tumorigenesis  in  Rbl+I~  mice  and  enhanced  humoral  response  to  immuniza¬ 
tion  in  older  age. 

Conclusion:  Phosphorylation  of  p27T187  is  important  in  RW-deficient  tumorigenesis  and  immunity  in  aging. 

Significance:  Specific  cancer  is  identified  for  treatment  by  inhibiting  Skp2/Cksl-p27T187p  interaction  and  new  directions  are 
revealed  in  understanding  immunity  decline  in  elderly. 
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p27I<ipl  (p27)  is  an  inhibitor  of  cyclin-dependent  kinases. 
Inhibiting  p27  protein  degradation  is  an  actively  developing 
cancer  therapy  strategy.  One  focus  has  been  to  identify  small 
molecule  inhibitors  to  block  recruitment  of  Thr-187-phosphor- 
ylated  p27  (p27T187p)  to  SCFSkp2/Cksl  ubiquitin  ligase.  Since 
phosphorylation  of  Thr-187  is  required  for  this  recruitment, 
p27T187A  knockin  (KI)  mice  were  generated  to  determine  the 
effects  of  systemically  blocking  interaction  between  p27  and 
Skp2/Cksl  on  tumor  susceptibility  and  other  proliferation 
related  mouse  physiology.  Rbl+,~  mice  develop  pituitary 
tumors  with  full  penetrance  and  the  tumors  are  invariably 
Rbl~  ~,  modeling  tumorigenesis  by  two-hit  loss  of  RBI  in 
humans.  Immunization  induced  humoral  immunity  depends  on 
rapid  B  cell  proliferation  and  clonal  selection  in  germinal  cen¬ 
ters  (GCs)  and  declines  with  age  in  mice  and  humans.  Here,  we 
show  that  p27T187A  KI  prevented  pituitary  tumorigenesis  in 
Rbl+/~  mice  and  corrected  decline  in  humoral  immunity  in 
older  mice  following  immunization  with  sheep  red  blood  cells 
(SRBC).  These  findings  reveal  physiological  contexts  that 
depend  on  p27  ubiquitination  by  SCFSkp2'cksl  ubiquitin  ligase 
and  therefore  help  forecast  clinical  potentials  of  Skp2/Clcsl- 
p27T187p  interaction  inhibitors.  We  further  show  that  GC  B 
cells  and  T  cells  use  different  mechanisms  to  regulate  their  p27 
protein  levels,  and  propose  a  T  helper  cell  exhaustion  model 
resembling  that  of  stem  cell  exhaustion  to  understand  decline  in 
T  cell-dependent  humoral  immunity  in  older  age. 


*  This  work  was  supported  by  NIH  Grants  R01 CA1 27901  and  R01 CA1 3 1 421  (to 
L.  Z.),  and  R01  CA85573  (to  B.  H.  Y.).  This  work  was  also  supported  by  a 
Department  of  Defense  PCRP  Postdoctoral  Fellowship  (PCI  21 837)  (to 
H.  Z.),  and  the  Irma  T.  Hirschl  Career  Scientist  Award  (to  B.  H.  Y.  and  L.  Z.). 

1  To  whom  correspondence  should  be  addressed:  Dept,  of  Developmental 

and  Molecular  Biology,  Albert  Einstein  College  of  Medicine,  1300  Morris 
Park  Ave.,  Room  U-521,  Bronx,  NY  10461  .Tel.:  718-430-3320;  Fax:  718-430- 
8975;  E-mail:  liang.zhu@einstein.yu.edu. 
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Cyclin-dependent  kinase  (Cdk)2  inhibitor  p27I<ipl  (p27) 
binds  cyclin/Cdk  and  inhibits  their  kinase  activity.  Since  cyclin/ 
Cdk  drives  the  cell  cycle  engine,  p27  and  its  family  members 
p21  and  p57  are  best  known  as  negative  regulators  of  cell  pro¬ 
liferation.  p27  knock-out  (KO)  mice  are  larger  and  heavier  by 
about  20%  over  wild  type  (WT)  mice  and  develop  pituitary 
intermediate  lobe  (IL)  tumors,  providing  in  vivo  evidence  for 
the  anti-proliferative  functions  of  p27  (1-3).  p27  ck-mice 
[RxL32  to  AxA32  knockin  (KI)  to  disrupt  p27  binding  to  cyclins, 
and  FDF64  to  ADA64  KI  to  disrupt  p27  binding  to  Cdks]  phe- 
nocopied  p27  KO  mice  in  larger  body  size  and  pituitary  tumor¬ 
igenesis,  confirming  the  biochemical  mechanisms  of  p27  func¬ 
tion  in  vivo  (4). 

The  best  known  mechanism  for  regulating  p27  expression  is 
its  polyubiquitination  leading  to  degradation  in  the  protea- 
some,  and  the  best  known  regulator  of  p27  ubiquitination  is 
Skp2,  which  is  the  substrate  recruiting  subunit  of  the  SCFskp2 
ubiquitin  ligase  (5).  SCFskp2  has  a  growing  list  of  substrates.  For 
recruiting  p27,  threonine  187  of  p27  (p27T187)  must  be  phos- 
phorylated  (6,  7)  and  an  accessory  protein,  Cksl,  must  be  pres¬ 
ent  (8,  9).  The  phosphorylated  threonine  187  fits  into  a  pocket 
formed  by  Skp2  and  Cksl  to  enable  stable  interaction  between 

p27  and  Skp2/Cksl  (10);  p27  is  therefore  ubiquitinated  in  the 
SCF  skP2/cksi_p27T187p  compiex_ 

p27T187A  mutation  (substitution  of  threonine  with  alanine) 
renders  p27T187  unphosphorylable  and,  therefore,  cannot 
be  ubiquitinated  by  SCFskp2/cksl.  To  test  the  biological  sig¬ 
nificance  of  ubiquitination  of  p27T187p  by  sCFskp2/cksl, 
p27T187A  KI  mice  were  generated  (11). 

Studies  of  cultured  p27T187A/T187A  mouse  embryonic  fibro¬ 
blasts  (MEFs)  in  serum  starvation  (to  maintain  MEFs  in  GO)  and 
re-stimulation  (to  stimulate  MEFs  to  proliferate)  revealed  re- 


2  The  abbreviations  used  are:  Cdk,  cyclin-dependent  kinase;  GC,  germinal 
center;  SRBC,  sheep  red  blood  cell;  KI,  knockin;  KO,  knock-out;  MEF,  mouse 
embryonic  fibroblast;  FACS,  fluorescence-activated  cell  sorting;  PNA,  pea¬ 
nut  agglutinin;  IHC,  immunohistochemistry;  IF,  immunofluorescence. 
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accumulation  of  p27  protein  when  cells  entered  S  phase  to  lev¬ 
els  seen  in  GO  phase,  demonstrating  that  ubiquitination  of 
p27T187p  by  SCFskp2/cksl  is  responsible  for  p27  protein  degra¬ 
dation  in  S-G2  phases  of  the  cell  cycle  (11).  The  biological 
effects  of  p27T187A  I<I  varied  with  cell  types.  In  MEFs  stimu¬ 
lated  by  serum  refeeding,  p27T187A  I<I  reduced  S  phase  cell 
fraction  by  20%.  When  splenic  CD4+  T  cells  were  activated  by 
anti-TCR  (T  cell  receptor),  S  phase  cell  reduction  reached  80% 
(11).  We  will  discuss  the  latter  result  further  below. 

At  organismal  level,  since  cells  in  adult  tissues  are  mostly 
in  quiescence,  no  abnormal  p27  protein  accumulation  was 
detected  in  various  tissues  in  p27T187A/T187A  mice  (11). 
p27T187A/T187A  mice  provide  a  gain-of-protein  stability  tool  to 
study  the  effects  of  p27  protein  accumulation  in  S-G2  of  prolif¬ 
erating  cells  in  physiological  settings.  For  examples,  Malek  etal. 
(11)  reported  that  healing  of  circular  skin  punch  wounds  was 
delayed  by  about  2-fold  in  p27T187A/T187A  mice  compared  with 
WT  mice  when  sizes  of  wounds  were  measured  at  4.5  days  after 
wounding.  Proliferation  of  dermal  keratinocytes  around  the 
wounds  was  reduced  by  2.5  fold  as  measured  by  BrdU  labeling. 
Flowever,  p27T187A/T187A  mice  grew  larger  than  WT  mice  by 
about  20%  in  body  weight  at  80  days  of  age.  Thus,  p27T187A 
mutation  produced  proliferation-inhibitory  as  well  as  prolifer¬ 
ation-stimulatory  phenotypes.  Mechanisms  underlying  the 
large  body  size  phenotype  of ' p27T187A/T187A  mice  remains  to  be 
determined. 

Later  studies  examined  p27T187A/T187A  mice  in  other  physi¬ 
ological  processes  involving  cell  proliferation,  such  as  liver 
regeneration  after  partial  hepatectomy  (12),  atherosclerosis 
and  atheroma  formation  in  ApoE  KO  mice  on  fat  feeding  (13), 
lung  tumorigenesis  following  spontaneous  activation  of  endog¬ 
enous  Kras  (14),  and  multi-organ  tumorigenesis  following 
administration  of  carcinogen  ENU  to  15-day-old  mice  (14). 
Interestingly,  in  none  of  these  experimental  systems  was 
p27T187A  KI  found  to  alter  the  main  pathological/physiologi¬ 
cal  outcomes.  Only  the  ratios  of  histopathologically  diagnosed 
carcinomas  over  adenomas  were  reduced  in  intestines  of  ENU- 
treated  p27T187A/T187A  mice  compared  with  WT  mice  at 
necropsy  (14). 

At  the  same  time,  inhibitors  of  the  Skp2/Cksl-p27T187p 
interaction  are  being  actively  developed  as  therapeutics  for  can¬ 
cer  (15-17)  with  the  rationale  that  inhibiting  this  interaction 
would  specifically  stabilize  p27  protein  without  affecting  other 
substrates  of  SCFskp2,  thereby  minimizing  side  effects. 
p27T187A/T187A  mice  could  model  inhibitor  treatment  to  block 
Skp2/Cksl-p27T187p  interaction.  Altogether,  it  is  highly  desir¬ 
able  and  timely  to  define  the  type  of  cancers  and  normal  phys¬ 
iological  processes  affected  in  p27T18/A/T18/A  mice. 

In  this  study,  we  examined  the  role  of  p27T187A  KI  in  two 
experimental  models.  In  the  first,  we  crossed  p27T187A/T187A 
mice  with  Rbl+/~  mice  to  determine  the  effects  of  p27T187A 
KI  on  pituitary  tumorigenesis  in  Rbl  +/~  mice,  which  models 
two  hit  loss  of  RBI  in  humans  and  is  fully  penetrant.  Next,  we 
tested  p27T187A/T187A  mice  for  T  cell-dependent  immunization 
response,  which  depends  on  B  cell  clonal  expansion,  diversifi¬ 
cation,  and  affinity  selection  within  the  germinal  centers  (GCs, 
(18))  in  secondary  lymphoid  organs  such  as  the  spleen.  We  will 
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describe  these  two  experimental  models  in  more  details  in  rel¬ 
evant  Results  sections  below. 

EXPERIMENTAL  PROCEDURES 

Mice— p27T  187 A/T  187 A  mice  were  described  previously  (11). 
Wild  type  and  j V27T1S7A/T187A  mice  were  on  mixed  FVB  and 
C57BL6J  background.  Mice  were  maintained  under  pathogen- 
free  conditions  in  the  Albert  Einstein  College  of  Medicine  ani¬ 
mal  facility,  and  genotyped  as  previously  described  (19).  Mouse 
experiments  protocols  were  reviewed  and  approved  by  Einstein 
Animal  Care  and  Use  Committee,  conforming  to  accepted 
standards  of  humane  animal  care. 

Sheep  Red  Blood  Cells  (SRBC)  Immunization— 10  -12-week- 
old  mice  (young  mice)  and  15-20-month-old  mice  (older  mice) 
were  immunized  with  2  X  108  SRBC  (Remel,  R54012)  by  intra- 
peritoneal  injection.  Spleens  and  sera  were  collected  on  day  10 
for  analyses. 

Isolation  of  Splenocytes— Pieces  of  spleens  were  minced  and 
passed  through  70  pm  cell  strainers  using  the  rod  of  1  ml 
syringe  into  a  6-well  plate  in  PBS.  The  strainers  were  washed 
with  1-2  ml  of  PBS.  Cells  were  collected  into  a  15  ml  tube  and 
centrifuged  at  1300  rpm  for  5  min.  Cell  pellets  were  resus¬ 
pended  with  3-5  ml  of  red  blood  cell  lysis  buffer  (155  mM 
NEI4C1, 12  mM  NaHC03,  and  0.1  mM  EDTA)  and  incubated  at 
room  temperature  for  5  min.  Then  10  ml  of  PBS  +  10%FCS  was 
added  to  stop  lysis,  and  splenocytes  were  collected  by 
centrifugation. 

Flow  Cytometry  (FACS) — 5  X  106  to  1  X  107  isolated  spleno¬ 
cytes  were  stained  with  fluorochrome-labeled  antibodies  at 
4  °C  for  30  min  followed  by  washing  with  PBS/1%  BSA,  using 
our  previously  published  protocol  (20).  Five-color  flow  cytom¬ 
etry  was  performed  using  an  LSR  II  instrument  (BD  Biosci¬ 
ences)  and  the  data  were  analyzed  using  Flowjo  software  (Tree 
Star,  Inc.).  At  least  10,000  gated  events  were  analyzed  per 
mouse.  For  germinal  center  B  cell  analysis,  isolated  splenocytes 
were  stained  with  DAPI  (Sigma,  D9564),  Alexa  700-anti-B220 
(BioLegend,  103231),  FITC-PNA  (Vector  Labs,  FL-1071),  and 
PE  anti-CD95  (Fas)  (eBioscience,  12-  0951-81).  For  T  cell  and  B 
cell  ratios  analyses  and  CD4  and  CD8  T  cell  ratios  analyses, 
isolated  splenocytes  were  stained  with  PE-anti-CD3  (Bio- 
Legend,  100205),  Alexa  700-anti-B220  (BioLegend,  103231), 
Alexa  488-anti-CD4  (BioLegend, 100425),  and  Alexa  647-anti- 
CD8a  (BioLegend,  100727).  Splenocytes  were  also  stained  with 
single  fluorochrome-labeled  antibody  and  used  for  compensa¬ 
tion  analyses. 

Serum  Anti-SRBC IgG ELISA— 96  wellEIA/RIA  plates  (Corn¬ 
ing  Inc.,  9018)  were  coated  for  1  h  at  37  °C  with  either  100 
/xg/ml  of  SRBC  ghosts  prepared  from  sheep  red  blood  cells 
(Thermo  Fisher  Scientific,  R54012)  for  detecting  antibodies  in 
sera  or  mouse  anti-goat  IgG  (H+L)  (Southern  Biotech,  1031- 
01)  was  used  as  plate  coat  to  generate  standard  curve.  The 
coated  wells  were  blocked  with  100  pl/well  of  2%  BSA/TBS  for 
1  h  at  37  °C.  Sera  from  unimmunized  or  immunized  mice  were 
serially  diluted  into  96  well  plates  in  triplicate,  and  incubated 
overnight  at  4  °C.  After  washed  four  times  with  TBST  and  bang 
dried,  96-well  plates  were  added  with  50  pl/well  of  alkaline 
phosphatase-labeled  secondary  antibody,  goat  anti-mouse 
IgG-AP  (Southern  Biotech,  1030-04),  for  1  h  at  37  °C.  Alkaline 
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phosphatase  substrate  (0.5  mg/ml  PNPP  (Sigma,  S0942))  in 
diethenolamine  buffer  (Fisher  Scientific,  50-255-870)  was  then 
added  to  each  well,  and  the  plates  were  incubated  1  h  at  25  °C 
before  absorbance  at  405  nm  was  measured  in  an  ELISA  reader. 
Serial  dilutions  and  standard  curves  were  performed  to  calcu¬ 
late  antibody  concentrations  using  Excel.  Log  transformation 
of  concentrations  was  performed  to  obtain  linear  correlation 
between  OD  value  and  log10 [concentration].  Purified  isotype 
controls  for  mouse  IgGl,  IgG2a,  IgG2b,  and  IgG3  (Southern 
Biotech)  served  as  standards.  Column  scatter  plots  were  gener¬ 
ated  by  GraphPad  Prism  6  software. 

GC  Number  and  Size  Measurement— Overlapping  images  of 
entire  spleen  cross  sections  were  reconstructed  using  “pho¬ 
tomerge”  (Adobe  Photoshop  CS3).  Areas  of  entire  spleen  cross 
sections  were  used  to  determine  GC  numbers  per  mm2.  Sizes  of 
individual  GCs  and  spleen  cross  sections  were  measured  in 
Image  J.  Column  scatter  plot  of  GC  size  was  generated  by 
GraphPad  Prism  6  software;  bar  graph  of  GC  numbers  by  Excel. 

Tissue  Sections  and  Staining—  Pituitary  glands  and  spleens 
were  fixed  in  10%  formalin  (Fisher  Scientific,  SF  100-4),  embed¬ 
ded  in  paraffin  wax  and  sectioned.  For  immunohistochemistry 
(IFIC)  and  immunofluorescence  (IF)  staining,  slides  were 
deparaffinized,  hydrated,  and  incubated  in  a  steamer  for  20  min 
in  sodium  citrate  buffer  (Vector  Labs,  H3301)  for  antigen 
retrieval.  The  following  antibodies  were  used:  anti-p27  (Abeam, 
ab92741),  anti-CD3  (Santa  Cruz  Biotechnology,  SC-20047), 
anti-B220  (BD  Pharmingen,  550286),  I<i67  (Vector  Labs,  SP6), 
anti-phosphorylated-FIiston  FI3  (Cell  Signaling  Technology, 
#9701L),  FITC-PNA  (Vector  labs,  FL-1071),  and  Biotinylated 
PNA  (Vector  Labs,  B-1075).  SuperPicture™  kit  (Invitrogen, 
879263)  and  DAB  kit  with  or  without  addition  of  nickel  (Vector 
Labs,  SK-4100)  was  used  to  detect  p27  and  I<i67  signals.  Bioti¬ 
nylated  anti-mouse  (Vector  Labs,  BA-2000)  and  anti-rat  (Vec¬ 
tor  Labs,  BA-4000)  antibodies  were  used  as  secondary  antibod¬ 
ies  for  IITC  CD3  and  B220  staining,  respectively,  which  were 
followed  by  Vectastain  ABC  kit  (Vector  Labs,  PK-4004),  and 
Red  substrate  kit  (Vector  Labs,  SK-5100)  for  further  red  signal 
development.  Biotinylated  PNA  was  detected  by  Red  substrate 
kit  (Vector  Labs,  SK-5100).  IF  detection  of  pHH3,  B220,  CD3, 
and  p27  was  done  by  TSA™PLUS  Fluorescence  Kit 
(NEL741001KT,  PerkinElmer),  and  PNA  was  by  FITC-conju- 
gated  horse-anti-mouse-IgG  (Vector  Labs,  FI-2000).  DNA  was 
stained  with  DAPI  (Sigma,  D9564).  TUNEL  staining  was  per¬ 
formed  with  an  Apoptosis  Detection  Kit  (Millipore,  S7100). 

Statistical  Analysis— Four  groups  (young  mice  and  older 
mice,  each  separated  into  WT  and  p27T187A  I<I  genotypes)  of 
data  from  ELISA  and  GC  B  cell  FACS  (Figs.  2  and  3,  respec¬ 
tively)  were  analyzed  by  two-way  (ages  and  genotypes)  ANOVA 
(GraphPad  Prism  6  Software),  followed  by  unpaired  two-tailed 
Student’s  t  test  (GraphPad  Prism  6  Software)  for  pairs  of  WT 
and  p27T187A  in  each  age  groups  and  pairs  of  young  and  older 
mice  for  each  genotypes.  Two  groups  (older  WT  and  older 
p27T187A  KI)  of  data  from  GC  numbers  and  sizes  measure¬ 
ments  and  pFTH3  positive  cell  frequency  in  GC,  and  ratios  of 
T/B  cells  and  CD4+/CD8  +  T  cells  (Figs.  4  and  7,  respectively) 
were  analyzed  by  unpaired  two-tailed  Student’s  t  test 
(GraphPad  Prism  6  Software),  p  <  0.05  is  considered  statisti¬ 
cally  significant. 


RESULTS 

p27T187A  KI  Prevents  Rbl+/~  Mice  from  Developing  Pitui¬ 
tary  Tumors— Study  of  retinoblastomas  led  to  the  identification 
of  the  prototype  tumor  suppressor  pRb.  Typical  retinoblastoma 
patients  inherit  one  null  allele  of  RBI  from  one  parent  and 
therefore  are  RBl+/~,  they  develop  retinoblastoma  with  full 
penetrance  and  the  tumors  invariably  are  RB1~'  .  These  char¬ 
acteristics  led  to  the  two-hit  hypothesis  for  tumorigenesis  by 
inactivation  of  a  tumor  suppressor.  pRb  is  highly  conserved  in 
mouse  ( Rbl  in  mouse)  and  Rbl  +  '~  mice  develop  melanotroph 
tumors  in  pituitary  IL  with  full  penetrance  and  the  tumors  are 
invariably  Rbl~'~  (21).  We  used  this  physiological  setting  to 
test  p27T187A/T187A  mice  in  oncogenic  proliferation. 

As  expected,  all  ( n  =  5)  Rbl  +  /~  mice  contained  pituitary  IL 
tumors  when  examined  at  6  months  of  age.  In  comparison,  all 
Rbl+ ' ~  -}p27T187A/T187A  mice  (n  =  5)  contained  microscopically 
normal  pituitary  glands  at  9  months  of  age,  indistinguishable 
from  pituitaries  in  wild  type  and p27T187A/T187A  mice  (Fig.  L4). 

When  measured  by  p27  IFIC,  expression  of  p27  in  IL  is  low  in 
WT,  Skp2  KO,  and  POMC-Cre;Rbllox/lox  (which  deletes  Rbl  in 
all  melanotrophs  in  IL)  mice.  Only  when  Skp2  and  Trp53  were 
co-deleted  in  IL  did  p27  protein  levels  rise  to  produce  robust 
staining,  since  co-deletion  of  Skp2  and  Trp53  reduced  the  cel¬ 
lular  pool  of  p27  ubiquitin  ligases  including  Skp2,  Pirh2,  and 
KPC1  (22).  Fig.  IB  shows  that  p27  IFIC  produced  similarly  low 
staining  in  WT  and  p27T187A/T187A  IL;  tumors  in  Rbl+/~  IL 
showed  higher  nuclear  density  but  individual  nuclei  showed 
similar  staining  intensity  with  those  in  areas  of  normal  IL;  and 
Rbl+/~;p27T187A/T187A  IL  was  not  different  from  p27,187A/T,87A 
IL.  In  the  same  experiment,  the  IL  of  POMC-Cre;Rblloxn°x; 
Trp53loxn°x;Skp2~/~  mice  showed  robust  staining  (Fig.  1C). 

These  results  document  that  blocking  phosphorylation  of 
p27T187  and,  by  extension,  preventing  p27  ubiquitination  by 
SCFskp2/cksl  does  not  result  in  overt  accumulation  of  p27  pro¬ 
tein  in  pituitary  IL  in  adult  mice,  but  can  prevent  pituitary  IL 
tumorigenesis  by  two  hit  loss  of  Rbl. 

p27T187A/T187A  Mice  Develop  Normal  T  Cell-dependent  Anti¬ 
body  Response  that  Does  Not  Decline  with  Age — Immunization 
with  T  cell  dependent  antigens,  such  as  SRBC,  induces  robust 
antibody  response  that  is  largely  dependent  upon  the  formation 
of  GCs  in  secondary  lymphoid  tissues  (humoral  immunity). 
The  GC  reaction  is  characterized  by  dramatic  clonal  expansion 
of  GC  B  cells  and  selection  of  affinity  matured  subclones  into 
either  plasma  cell  or  memory  B  cell  pools.  These  dynamic 
changes  in  the  GC  B  cell  population  are  orchestrated  by  CD4+ 
follicular  helper  T  cells  (Tfh)  in  GC  (23,  24).  The  GC  response 
provides  a  physiological  setting  of  robust  but  non-oncogenic 
proliferation  to  study  cell  cycle  regulation  (20,  25).  In  addition, 
both  the  magnitude  and  functional  output  of  GC  reaction 
decline  in  old  age,  a  phenomenon  contributing  to  increased 
incidence  of  vaccine-preventable  diseases  in  the  elderly  popu¬ 
lation  (26).  We  hypothesized  that  p27T187A/T18/A  mice,  espe¬ 
cially  in  older  age,  wound  show  impaired  T  cell-dependent  anti¬ 
body  response,  and  set  out  to  test  our  hypothesis. 

In  unimmunized  mice,  serum  anti-SRBC  IgG  levels  were  at 
base  levels  in  all  test  groups  (Fig.  2 A).  We  immunized  12-week- 
old  WT  and p27T187A/T187A  mice  (10  -12-week-old  mice  will  be 
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FIGURE  1 .  Rbl  +/~-p27T187A/T187A  mice  do  not  develop  pituitary  tumors.  A,  representative  coronal  sections  of  mouse  pituitaries  were  stained  with  H&E.  The 
three  pituitary  lobes  are  marked.  PL,  posterior  lobe;  IL,  intermediate  lobe;  AL,  anterior  lobe.  Rbl+/~  mice  at  6  months  of  age  (n  =  5)  contained  one  to  two  IL 
tumors  as  marked  by  black  arrows,  while  Rbl+/~  ,p27T187A/T187A  mice  at  9  months  of  age  (n  =  5)  contained  pituitaries  identical  to  those  in  WT  and  p27T187A/T187A 
mice.  B,  representative  p27  IHC  sections  showing  low  level  staining  in  WT,  Rb1+/~ ,  p27T187A/T187A,  and  Rbl+/~;p27T,87A/T,87A  IL,  under  the  H&E  images  of  the 
same  genotypes.  C,  in  the  same  experiment,  POMC-Cre;Rbl'ox/'ox;Trp53'ox/'ox;Skp2~/ -  IL  showed  robust  p27  staining.  Scale  bars,  100  p m. 
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FIGURE  2.  Serum  anti-SRBC  IgG  titers  following  SRBC  immunization  decline  with  age  in  WT  but  not  p27T187A/T187A  mice.  A,  unimmunized  WT  or 
p2jTi87A^-i87A'  y0ung  or  older  mjce  show  similar  base  level  serum  anti-SRBC  IgG  titer.  B,  serum  anti-SRBC  IgG  was  measured  1 0  days  after  SRBC  immunization. 
WT  represents  p27+/+,  T187A  for  p27T187A/T187A.  young  mice  were  between  1 0  and  12  weeks  old;  older  mice  between  1 5  and  20  months  old.  Each  data  point 
represents  one  individual,  and  column  heights  show  medians.  Statistical  analysis  by  two-way  ANOVA  with  these  four  groups  of  data  showed  p  =  0.01 29  for 
differences  between  young  and  older,  andp  =  0.0036  for  differences  between  WT  andT187A.  Unpaired  two-tailed  Student's  f  tests  were  used  to  determine  p 
values  between  various  pairs  of  samples  as  marked  in  the  plot. 
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called  “young  mice”)  with  SRBC  and,  on  day  10,  measured 
serum  titers  of  anti-SRBC  IgG.  We  found  no  significant  differ¬ 
ences  between  serum  titers  of  anti-SRBC  IgG  in  young  WT  and 
young  p27T187A/T187A  mice  (Fig.  2 B,  young  mice).  Thus, 
p27T187A  KI  does  not  change  the  outcomes  of  SRBC  immuni¬ 
zation  in  young  mice. 

We  went  on  to  determine  whether  decline  in  humoral  immu¬ 
nity  would  be  greater  in  aging  p27T187A/T187A  mice  than  in 
aging  WT  mice.  We  found  that  anti-SRBC  IgG  titers  reduced 
significantly  in  15-20-month-old  WT  mice  (15-20-month-old 
mice  will  be  called  “older  mice”)  compared  with  young  WT 
mice,  but  anti-SRBC  titers  in  older  p27T187A/T187A  mice  were 
not  different  from  those  in  young  p 27T187A/T187A  mice  (Fig.  LB). 
As  such,  older  p27T187A/T187A  mice  produced  significantly 
higher  titers  of  anti-SRBC  IgG  than  older  WT  mice.  Both  two- 
way  (ages  and  genotypes)  ANOVA  and  Student’s  t  test  were 
performed  for  these  analyses  (see  Fig.  2  legend).  These  findings 
proved  opposite  to  our  hypothesis,  but  phenotypically  reveal 
that  phosphorylation  of  p27T187  and,  by  extension,  ubiquiti- 
nation  of  p27  by  SCFskp2/cksl  promotes  decline  in  humoral 
immunity  in  older  mice. 

Spleen  GC  Reactions  Decline  in  Older  WT,  but  Not  Older 
p27T187A/T187A>  Mice— Antigen-specific  antibody  titers  reflect 
the  magnitude  and  quality  of  the  GC  response,  in  which  naive 
resting  B  cells  convert  to  highly  proliferating  GC  B  cells.  To 
determine  the  bases  for  the  higher  antibody  titer  in  immunized 
older  p27T187A/T187A  mice,  we  determined  how  much  B  cell  in 
total  B  cell  population  had  converted  to  GC  B  cells  at  day  10 
following  SRBC  immunization  of  four  test  groups  of  mice  (as 
plotted  in  Fig.  3D).  B  cells  are  identified  by  B  cell  marker  B220. 
GC  B  cells  have  additionally  become  positive  for  peanut  agglu¬ 
tinin  (PNA)  affinity-staining  and  anti-Fas  immune-staining. 
Spleen  cell  suspensions  prepared  on  day  10  following  SRBC 
injection  were  first  gated  on  side  and  forward  scatter  to  exclude 
aggregates  and  then  for  high  B220  staining  (for  total  B  cells)  and 
low  DAPI  staining  (for  total  live  B  cells)  (Fig.  3 A).  Within  the 
total  live  B  cell  populations,  GC  B  cell  populations  were  identi¬ 
fied  as  positive  for  both  PNA  and  Fas.  As  shown  in  Fig.  3,  B  and 
C,  and  quantified  in  Fig.  3D,  GC  B  cell  populations  ranged  from 
0.1%  to  0.8%  of  the  total  B  cell  populations  in  non-immunized 
young  and  older,  WT,  and  p27T187A/T187A  mice.  Following 
SRBC  immunization  GC  B  cell  populations  within  total  B  cell 
populations  increased  in  young  WT  and  young  p27T18/A/T187A 
mice  to  4.6%  and  6.1%,  respectively.  With  aging,  GC  B  cell  pop¬ 
ulations  within  total  B  cell  populations  declined  in  older  WT 
mice  (from  4.6%  to  2.1%),  but  not  in  older  p27T187A/T187A  mice 
(from  6.1%  to  6.3%).  When  older  mice  are  compared,  total  B  cell 
populations  of  older  p27T187A/T187A  mice  contained  signifi¬ 
cantly  more  GC  B  cells  than  older  WT  mice’s  total  B  cell  pop¬ 
ulations.  Both  two-way  (ages  and  genotypes)  ANOVA  and 
Student’s  t  test  were  performed  for  the  four  groups  of  data  (see 
Fig.  3D  and  its  legend). 

To  directly  visualize  the  GC  structure,  we  stained  spleen  sec¬ 
tions  from  immunized  animals  with  PNA,  and  defined  the  PNA 
positive  regions  within  the  primary  B  cell  follicles  as  GCs. 
p27T187A  KI  did  not  alter  the  spleen  red  pulp  or  white  pulp 
morphology,  nor  did  it  cause  spontaneous  GCs  in  unimmu¬ 
nized  animals  of  all  age  groups  (not  shown).  After  SRBC  immu¬ 


nization,  however,  older  p27T187A/T187A  spleens  developed 
many  large  GCs  and  often  contained  several  GCs  in  each  pri¬ 
mary  follicle  compared  with  small  to  medium  sized  GCs  each 
located  within  one  follicle  in  the  WT  spleens  (Fig.  4A).  We 
quantified  the  GC  density  and  size  for  individual  spleen  sec¬ 
tions  among  the  four  experimental  groups,  and  the  results  show 
that  older  p27T187A/T187A  mice  contained  more  numerous  and 
larger  GCs  than  older  WT  mice  (Fig.  4,  B  and  C).  These  results 
support  the  findings  by  FACS  that  GC  B  cell  population  sizes 
were  larger  in  older p27T187A/T187A  mice  than  in  older  WT  mice 
(Fig.  3).  A  more  robust  GC  reaction  in  older  p27T187A/T187A 
mice  could  explain  their  improved  anti-SRBC  IgG  titers  relative 
to  their  WT  counterparts. 

We  next  examined  the  proliferation  status  of  GC  B  cells  using 
immune-staining  for  I<i67.  I<i67  staining  appeared  similarly 
intense  between  older  WT  and  young  WT  mice  and  between 
older  WT  and  older  p27T187A/T187A  mice  (Fig.  4£>  and  data  not 
shown).  Although  GCs  in  older  WT  mice  are  smaller  than  GCs 
in  older  p27T187A/T187A  mice,  nearly  all  PNA  positive  cells 
stained  positive  for  I<i67  in  both  types  of  older  mice  (Fig.  4 D). 
When  GC  B  cells  were  stained  with  the  mitotic  marker  phos- 
phorylated  histone  FI3  (pHH3),  we  found  more  pFIFI3  positive 
cells  in  GCs  in  older  p27T187A/T187A  mice  than  in  older  WT  mice 
(Fig.  4,  E  and  F),  suggesting  that  more  cell  division  could  explain 
the  larger  GC  B  cell  population  sizes  in  older  p27T187A/T187A  mice. 
Flowever,  the  increases  did  not  reach  statistical  significance 
(Fig.  4 F).  TUNEL  staining  was  similarly  intense  in  older  WT 
mice,  young  WT  mice,  and  older  p27T187A/T187A  mice  (data  not 
shown).  Thus,  both  the  decline  in  older  WT  mice  and  the  main¬ 
tenance  in  older  p27T187A/T187A  mice  of  GC  B  cell  population 
sizes  were  not  correlated  with  dramatic  decreases  (in  the 
decline  in  older  WT  mice)  or  increases  (in  the  maintenance  in 
older  p27T187A/T187A  mice)  in  I<i67  or  pHH3  labeling  of  GC  B 
cells. 

In  aggregate,  by  showing  more  robust  production  of  GC  B 
cells  in  older  p27T187A/T187A  mice  than  in  older  WT  mice, 
results  in  this  section  explained  improved  serum  titers  of  anti- 
SRBC  IgG  in  older  p27T187A/T187A  mice.  These  findings  how¬ 
ever  do  not  explain  how  p27T187A  KI  induced  more  robust  GC 
B  cell  production. 

p27  Expression  Decreases  When  Naive  B  Cells  Are  Recruited 
into  GC  in  Both  Older  WT  and  Older  p27T18/A/T18/A  Mice— We 
next  compared  p27  expression  in  the  spleens  of  older  WT  and 
older  p27T187A/T187A  mice  at  day  10  following  SRBC  injection, 
when  the  GC  reactions  were  more  robust  in  older  p27T187A/T187A 
mice  than  in  older  WT  mice. 

In  post-immunization  spleens  from  both  older  WT  and  older 
p27Ti87A/Ti87A  mice;  the  B220+  B  cell  area  and  CD3+  T  cell 
zone  occupy  discrete  areas  in  the  white  pulp  (Fig.  5,  A,  a,e  and  B, 
a,e).  The  PNA+B220weak  GCs  were  embraced  by  the  PNA- 
B220  +  primary  B  cell  follicles  from  one  side  (Fig.  5 A,a-h)  with 
its  other  side  likely  facing  the  more  discrete  T  cell  zone  (27,  28) 
(Fig.  5 B,  a-h). 

Interestingly,  the  pattern  of  p27  staining  is  much  broader 
than  either  the  B220-  or  CD3-marked  areas  alone,  suggesting 
that  p27  is  expressed  in  the  majority  of  B  and  T  cells  outside  of 
the  GCs  (also  see  below),  and  similar  in  older  WT  and  older 
p2yTi87A/Ti87A  spleen  sectionS;  suggesting  that  T187A  KI  did 
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FIGURE  3.  Production  of  spleen  GC  B  cells  following  SRBC  immunization  decline  with  age  in  WT  but  notp27r,87/1/TJ87'i’  mice.  A,  FACS  of  total  spleen  cell 
suspension,  showing  the  first  FSC-SSC  gate,  followed  by  the  B220  and  DAPI  gate.  DAPIlow,B220hl9h  cells  then  underwent  FACS  on  PNA  and  Fas  to  determine 
population  sizes  of  GC  B  cells  (PNAhl9h  and  Fashl9h)  in  total  B  cell  population  at  day  10  following  SRBC  immunization  (B)  or  from  unimmunized  mice  (C). 
Quantifications  of  Band  Care  shown  in  D.  Error  bars  represent  S.E.  Two-way  ANOVA  with  these  four  groups  of  data  from  immunized  mice  showed  p  =  0.0850 
for  differences  between  young  and  older,  and  p  =  0.0001  for  differences  between  WT  and  T1 87A.  Unpaired  two-tailed  Student's  f  tests  were  used  to  determine 
p  values  between  various  sample  pairs  as  shown  in  D. 


not  induce  notable  p27  accumulation  in p27T187A/T187A  spleens 
(Fig.  5 C,  a  and  e).  Notable  however  are  round  punctuates  where 
p27  staining  was  dramatically  reduced  {black  arrows  in  Fig.  5 C, 
a  and  e)  inside  the  broad  and  otherwise  evenly  stained  p27  + 
areas  in  both  WT  and  p27T187A/T187A  spleens.  Double  immu¬ 
nofluorescence  (IF)  staining  with  PNA  and  anti-p27  demon¬ 
strate  that  the  p27  low  areas  are  populated  by  PNA+  GC  B  cells 
{white  arrows  in  Fig.  5,  c,d  and  g,h).  High  magnification  images 
confirmed  that  the  vast  majority  of  PNA+  GC  B  cells  are  p27 
negative  irrespective  of  the  p27  genotype  (Fig.  6 A).  Thus,  in  the 
B  cell  lineage,  p27  protein  levels  were  dramatically  down  regu¬ 


lated  when  the  naive  resting  B  cells  (which  populate  the  more 
intensely  stained  B220+  area)  are  recruited  into  the  highly  pro¬ 
liferative  GCs  regardless  of  the  p27T187A/T187A  mutation  status. 

Since  GC  B  cells  were  actively  proliferating  in  both  older  WT 
and  older  p27T187A/T187A  mice  (Fig.  4,  D  and  E ),  the  dramatic 
down-regulation  of  p27  in  GC  correlated  with  highly  active 
proliferation  of  GC  B  cells.  To  identify  mechanisms  for  this 
down-regulation  in  GC  B  cells,  we  determined  whether  p27 
mRNA  levels  were  down  regulated  in  GC  B  cells.  For  this  pur¬ 
pose,  we  searched  NCBI  databases  for  gene  expression  profile 
datasets  that  compared  naive  resting  B  cells  with  GC  B  cells.  We 
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FIGURE  4.  Spleen  GC  numbers  and  sizes  are  higher  and  larger  in  older  p27T,S7A/T,87A  mice  than  in  older  WT  mice  at  10  days  following  SRBC  immuni¬ 
zation.  A,  representative  images  of  spleen  sections  stained  with  PNA  to  visualize  GC.  Scale  bars,  200  /rm.  B,  quantifications  of  GC  numbers  on  spleen  sections, 
error  bars  are  S.E.  C,  quantifications  of  GC  sizes.  Each  column  represents  one  individual,  and  each  point  is  an  individual  GC.  Column  heights  represent  medians. 
Co-staining  of  Ki67  {black)  and  PNA  (red)  (D),  and  pHH3  {red)  and  PNA  {green)  (f),  of  GC  were  performed  on  spleen  sections  as  marked.  Scale  bars,  50  pm.  F, 
quantification  of  data  in  £  p  values  are  from  two-tailed  Student's  t  tests. 
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FIGURE  6.  p27  expression  is  dramatically  reduced  in  GC  B  cells  but  maintained  in  GC  T  cells  in  older  WT  and  older  p27T187Am87A  mice  at  10  days  following 
SRBC  immunization.  A,  high  magnification  and  red-green  channel  merge  images  of  co-IF  for  p27  and  PNA,  as  indicated,  of  representative  GC,  as  marked.  In  enlarged 
areas,  white  arrows  point  to  cells  with  membrane  staining  by  PNA  but  negative  for  p27,  while  white  arrowheads  point  to  cells  with  positive  staining  for  p27  without 
membrane  PNA  staining.  B,  two-color  co-IHC  for  p27  ( dark  blue)  and  B  cell  marker  B220  (pink),  as  marked,  showing  approximately  one-quarter  of  a  GC.  Black  arrows 
point  to  cells  with  positive  membrane  staining  for  B220  but  negative  for  p27,  while  black  arrowheads  point  to  cells  with  positive  p27  staining  but  negative  for  B220 
membrane  staining.  C,  same  experiments  as  in  B,  except  B220  antibody  was  replaced  with  CD3  antibody.  D,  in  NCBI  GEO  database,  gene  expression  profiles  for  naive 
and  activated  CD4+  T  cells  (GSE6506)  and  quiescent  and  replicating  HSC  (GSE1 559)  were  queried  for  expression  of  p21  (Cdkn  1  a,  average  of  2  probe  sets),  p27  (Cdkn  1  b, 
average  of  2  probe  sets),  and  p57  (Cdknlc),  as  well  as  a  housekeeping  gene  Gapdh  (average  of  3  probe  sets).  Sample  records  (GSMxxx)  and  experimental  platforms 
(GPLxxx)  are  shown.  Data  in  both  datasets  were  normalized  by  GC-RMA,  and  two  biological  replicates  were  analyzed. 


found  three  such  datasets  and  queried  them  for  expression  of 
the  three  p27  family  members  including  p21  (Cdknla),  p27 
(Cdknlb),  and  p57  (Cdknlc)  together  with  a  housekeeping 


gene  Gapdh.  As  shown  in  Fig.  5 D,  p27  mRNA  levels  were 
reduced  by  5.5  to  10.5-fold  in  GSE4142,  117  to  9.5-fold  in 
GSE8906,  or  4.7  to  10.6-fold  in  GSE23925  when  naive  B  cells 


FIGURE  5.  p27  expression  is  reduced  in  GC  in  both  older  WT  and  older  p27T187A/T187A  mice.  Spleen  samples  were  collected  10  days  following  SRBC 
immunization,  and  stained  by  IHC  with  anti-B220  (A,  a  and  e),  anti-CD3  (B,  a  and  e),  or  anti-p27  (C,  a  and  e).  Co-IF  was  then  performed  with  PNA  and  each  of  these 
three  antibodies  to  identify  areas  of  GC,  pointed  by  white  arrows,  in  stains  by  each  of  these  three  antibodies  (b,c,d  and  f,g,h  panels).  Scale  bars,  200  jum.D,  three 
gene  expression  profile  databases  (NCBI  GEO  accession  numbers,  GSExxx,  are  as  marked)  were  queried  for  expression  of  p27  family  members  p21  (Cdknla, 
average  of  2  probe  sets),  p27  (Cdknlb,  average  of  2  probe  sets),  and  p57  (Cdknlc),  as  well  as  a  housekeeping  gene  Gapdh  (average  of  3  probe  sets).  Sample 
records  (GSMxxx)  obtained  from  purified  naYve  B  cells  and  GC  B  cells  are  as  marked.  Accession  numbers  GPLxxx  contain  information  on  experimental  platforms 
(Affymatrix  microarrays).  Data  in  GSE4142  were  RMA  (Robust  Multi-array  Average)  normalized  unlogged,  and  GSE23925  was  normalized  by  RMA.  GSE8906 
contained  raw  data.  Two  to  three  biological  replicates  were  analyzed. 
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were  compared  with  GC  B  cells.  In  the  same  samples,  p21  and 
p57,  as  well  as  Gapdh,  mRNA  levels  showed  no  such  reduction 
patterns. 

These  findings  suggest  the  activation  of  a  robust  mechanism 
that  inhibited  p27  mRNA  expression  when  naive  B  cells  are 
stimulated  to  enter  GC  to  proliferate.  The  dramatic  p27  mRNA 
down-regulation  might  have  overridden  any  reduction  in  p27 
protein  degradation  caused  by  p27T187A  KI,  resulting  in  dra¬ 
matic  p27  protein  level  reductions  in  GC  B  cells  in  both  WT  and 
p2yTi87A/Ti87A  mice;  as  shOWn  in  Fig.  5 C.  With  this  line  of  rea¬ 
soning,  we  conclude  that  the  enhanced  GC  reaction  in  older 
T187A  mice  is  not  caused  by  p27T187A  KI  cell-autonomously 
in  GC  B  cells. 

GC  T  Cells  Maintain  p27 Protein  Levels— Because  GC  B  cells 
dramatically  down-regulate  both  p27  mRNA  and  protein 
expression,  any  effects  of  the  p27T187A  KI  on  p27  protein  deg¬ 
radation  might  be  inconsequential  in  GC  B  cells.  We  reasoned 
that  cells  in  GC  that  maintain  p27  protein  levels  are  more  likely 
to  be  affected  by  p27T187A  KI.  Although  B  cells  outnumber  T 
cells  within  GC,  the  CD4+  helper  T  cells  in  GC  play  a  critical 
role  in  all  aspects  of  the  GC  response  including  its  initiation, 
expansion,  and  termination  (24).  As  such,  we  next  focused  our 
p27  protein  expression  study  on  GC  T  cells.  High  magnification 
images  of  p27  and  PNA  co-IF  indeed  revealed  a  number  of 
p27-positive  cells  in  GC  (Fig.  6 A),  with  the  vast  majority  of  the 
p27-positive  cells  stained  negative  for  PNA  ( white  arrowheads ), 
indicating  that  they  are  not  B  cells. 

To  determine  the  lineage  status  of  the  p27  expressing  cells  in 
GC,  we  concurrently  stained  p27  with  either  B220  or  CD3  in 
double  IHC.  Consistent  with  co-IF  for  p27  and  PNA  in  Fig.  6 A, 
p27  positive  cells  in  GC  are  negative  for  B220  in  co-IHC  (Fig. 
6 B,  black  arrowheads ),  while  most  cells  in  GC  show  positive 
B220  membrane  staining  with  negative  p27  staining  ( black 
arrows).  In  contrast,  p27  positive  cells  in  GC  are  positive  for 
CD3  in  co-IHC  while  most  cells  in  GC  are  negative  for  both  p27 
and  CD3  (Fig.  6C,  black  arrowheads  and  black  arrows,  respec¬ 
tively).  These  findings  demonstrate  that,  while  GC  B  cells  dra¬ 
matically  down  regulate  p27  protein  expression,  GC  T  cells 
maintain  p27  protein  expression.  Based  on  the  IHC  technique, 
we  could  not  demonstrate  any  difference  in  p27  protein  levels 
between  the  WT  and  j V27T18/A/T187A  GC  T  cells. 

Rapid  proliferation  of  GC  B  cells  leading  to  the  generation  of 
GC  in  response  to  immunization  by  T  cell  dependent  antigen  is 
completely  dependent  on  CD4+  T  helper  cells  (29).  Inhibition 
of  T  cell  proliferation  by  transgenic  expression  of  p27  in  T  cells 
(from  the  mouse  Lck  promoter)  blocked  spleen  GC  reactions 
(30).  Decline  in  CD4+  T  cell  population  with  aging  has  been 
suggested  as  a  cause  for  the  decline  in  GC  response  to  T  cell- 
dependent  antigen  immunization  in  older  WT  mice  (31,  32). 
And  it  is  known  that  proliferation  of  splenic  CD4+  T  helper 
cells  in  response  to  stimulation  by  anti-TCR  was  significantly 
(80%)  reduced  by  p27T187A  KI  (11). 

Combining  these  previous  knowledge  with  our  current  find¬ 
ings  that  GC  B  cells  do  not  express  p27  mRNA  and  protein  but 
GC  T  cells  maintain  p27  protein  expression  led  us  to  hypothe¬ 
size  that  CD4+  T  cells  in  young  p27T187A/T187A  mice  might  be 
more  difficult  to  activate  and  therefore  have  undergone  less 
accumulative  proliferation  to  have  conserved  a  larger  prolifer- 

5806  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


ative  reservoir  to  maintain  robust  GC  responses  in  older 
p27T187A/T187A  mice.  This  principle  is  well  known  in  stem  cell 
studies  (33,  34).  In  adult  mice,  hematopoietic  stem  cells  (HSCs) 
remain  proliferative  quiescence  until  stimulated  to  proliferate 
to  replenish  the  lost  cell  population.  In  resemblance,  naive 
CD4+  T  cells  are  resting  until  activated  by  antigen  binding  to 
TCR  to  expand  and  migrate  to  GC  to  play  essential  roles  in 
establishing  humoral  immunity  (35,  36).  In  fact,  it  was  shown  in 
2007  that  CD4+  T  cell  activation  and  HSC  activation  shared 
both  up-regulated  and  down-regulated  gene  expression  pro¬ 
grams  (37).  To  determine  whether  regulation  of  p27  mRNA 
expression  is  also  similar  between  CD4+  T  cell  activation  and 
HSC  activation,  we  queried  NCBI  GEO  databases  as  shown  in 
Fig.  6 D.  In  GSE6506  (37)  mouse  splenic  CD4+  T  cells  were 
activated  by  Concanavalin  A  and,  in  GSE1559  (38),  mouse  HSCs 
were  activated  by  administering  5-fluorouracil.  We  found  that  p27 
mRNA  levels  were  not  reduced  when  naive  CD4+  T  cells  were 
activated,  consistent  with  the  presence  of  p27  positive  T  cells  in 
GC  (Fig.  6C).  Interestingly,  p27  mRNA  levels  were  also  not 
reduced  when  HSCs  were  activated  to  replicate.  These  findings 
add  a  further  relatedness  between  the  activation  programs  in  naive 
CD4+  T  cells  and  adult  HSCs.  Lack  of  p27  mRNA  down-regula¬ 
tion  could  provide  an  opportunity  for  p27  down-regulation  by  p27 
protein  degradation. 

Spleen  CD4+/CD8+  T  Cell  Ratios  following  SRBC  Immuni¬ 
zation  Is  Higher  in  Older p27T187A/T187A  Mice  than  in  Older  WT 
Mice— Altered  cell  proliferation  control  may  lead  to  changes  in 
clonal  expansion,  differentiation,  and  cell  death.  As  an  indirect 
measurement  of  the  impact  of  p27  T187A  KI  on  lymphocyte 
population  maintenance,  we  assessed  the  population  size  of 
total  T  and  B  cells  (as  T/B  cell  ratios),  and  CD4+  and  CD8+  T 
cell  subsets  (as  CD4+/CD8+  T  cell  ratios)  in  older  mice.  As 
shown  in  Fig.  7 A,  the  T/B  cell  ratios  were  comparable  between 
WT  and  p27T187A/T18/A  mice.  Interestingly,  the  ratio  of  CD4+ 
helper  T  cells  over  CD8+  killer  T  was  significantly  higher  in 
older  p27T187A/T187A  mice  compared  with  older  WT  mice  (Fig. 
IB).  This  finding  suggests  that  a  more  difficult-to-activate  CD4+ 
T  cell  population  in  p27T187A/T187A  mice  (11)  might  have  better 
maintained  its  population  size  in  older  age,  and  could  explain  how 
older  p27T187A/T187A  mice  responded  more  robustly  than  older 
WT  mice  to  SRBC  immunization.  To  strengthen  this  finding,  we 
further  determined  the  CD4+/CD8+  T  cell  ratios  inside  CD3+ 
gate,  and  obtained  similar  results  (Fig.  70).  We  conclude  that  older 
p27T187A/T187A  mice  contained  larger  populations  of  CD4+  T 
cells  during  SRBC  immunization,  which,  at  least  in  part,  enhanced 
GC  B  cell  reaction. 

DISCUSSION 

Modeling  Effects  of  Skp2/Cksl-p27T187p  Interaction  Inhib¬ 
itors—  Roles  of  p27  in  proliferation  related  physiology  have  been 
well  studied  with  loss-of-function  approaches  using  p27  KO 
mice  and  p27  ck-  mice.  Since  increasing  p27  is  an  actively  devel¬ 
oping  cancer  therapy  strategy,  studying  effects  of  p27  gain-of- 
function  in  proliferation  related  physiology  would  more 
directly  facilitate  cancer  therapy  development.  In  this  regard, 
p27T187A/T187A  mice  are  especially  important  since  they  model 
actions  of  an  actively  developing  type  of  inhibitors  that  block 
p27T187p  interaction  with  Skp2/Cksl  (see  Introduction).  Fur- 
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SRBC  immunization,  Day  10,  Older  mice 
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FIGURE  7.  CD4+/CD8+  T  cell  ratios  are  higher  in  older  p27T187A/T187A  mice  than  in  older  WT  mice  at  10  days  following  SRBC  immunization.  A,  repre¬ 
sentative  FACS  profiles  of  spleen  cell  suspensions  following  CD3  and  B220  double  staining  and  quantifications.  B,  FACS  profiles  following  CD4and  CD8  double 
staining  of  total  spleen  cell  suspension  and  quantifications.  C,  FACS  profiles  following  CD4  and  CD8  double  staining  of  CD3  +  cells  in  spleen  cell  suspension  and 
quantifications,  p  values  are  from  two-tailed  Student's  f  tests,  and  error  bars  represent  S.E. 


ther,  p27T187A/T187A  mice  do  not  accumulate  p27  protein  in 
quiescent  tissues  and  their  lack  of  overt  defects  already  demon¬ 
strated  that  inhibitors  of  p27T187p  interaction  with  Skp2/Cksl 
should  be  harmless  to  normal  physiology.  Remarkably,  since  its 
generation  and  first  characterization  in  2001  (11),  studies  of 
p27T187A/T187A  mice  have  revealed  few  physiological  pheno¬ 
types  including  tumorigenesis  (see  Introduction).  Our  study 
now  reveal  that  fully  penetrant  pituitary  tumorigenesis  in 
Rbl+'~  mice  is  fully  blocked  in  Rbl+,~;p27T187A/T187A  mice, 
identifying Rbl+/~  mice  as  the  preclinical  tumor  model  against 
which  inhibitors  of  p27T187p  interaction  with  Skp2/Cksl  can 
be  definitively  compared. 

p27T187A  KI  models  the  most  potent  inhibitors  of 
p27T187p-Skp2/Cksl  interaction  and,  therefore,  can  be  an 
impossible  match  for  inhibitor  candidates.  On  the  other  hand, 
inhibitors  of  p27T187p-Skp2/Cksl  interaction  may  also  block 
interaction  of  Skp2-Cksl  to  p27  family  members  p21  and  any 
unknown  substrates  of  SCFskp2/cksl,  potentially  inhibiting 
pituitary  tumorigenesis  in  Rbl  +/“  mice  through  mechanisms 


other  than  stabilizing  p27.  More  sophisticated  preclinical 
mouse  tumor  models  may  be  desired  to  improve  on  these 
aspects  of  inhibitor  testing  using  Rbl+/~  mice. 

Mechanisms  of  Tumor  Blocking  in  Rbl+/~  ;p27T18/A/T18/A 
Mice— In  our  previous  studies,  we  induced  mouse  pituitary  IL 
tumors  by  artificial  deletion  of  Rbl  in  all  melanotrophs  and 
POMC-Cre;./?Wlox/lox  mice  developed  pituitary  tumors  across 
the  entire  IL.  POMC-Cre;i?^ilox/lox;p27T187A/T187A  mice  pro¬ 
duced  greatly  thinned  pituitary  IL  with  apoptosis  (19).  In  this 
artificial  setting,  p27T187A  KI  resulted  in  synthetic  lethality 
with  Rbl  deletion  by  further  activating  E2F1  (39).  Our  current 
finding  documents  a  tumor  suppressive  role  of  p27T187A  KI  in  a 
physiological  “two  hit”  setting.  Whether  this  block  was  achieved  by 
promoting  apoptosis  or  inhibiting  proliferation  is  difficult  to 
determine  in  the  “two  hit”  setting.  It  is  however  likely  that  the 
observed  blocking  to  pituitary  tumorigenesis  by  two  hit  Rbl  loss 
does  not  require  significant  accumulation  of  p27,  since  p27  IFIC 
showed  similarly  low  levels  of  p27  in  WT,  p27T187A/T187A,  and 
Rbl+'~-,p27T187A/T187A  IL  (Fig.  IB). 
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It  is  notable  that,  p27T187A  KI  showed  little  antitumor 
effects  in  lung  tumorigenesis  by  oncogenic  activation  of  endog¬ 
enous  Kras  (14),  another  tumor  model  in  a  physiological  set¬ 
ting.  Since  p27  mRNA  levels  were  significantly  reduced  in  this 
lung  tumor  model  (14),  the  lack  of  an  antitumor  phenotype 
demonstrates  that  the  inhibitory  effects  of  p27T  187A  KI  on  p27 
protein  degradation  might  only  be  relevant  when  p27  protein 
levels  were  reduced  primarily  by  enhanced  protein  degrada¬ 
tion.  Differences  in  oncogenic  mechanisms  by  two  hit  loss  of 
Rbl  in  melanotrophs  and  by  activation  of  endogenous  Kras  in 
lung  may  also  determine  whether  p27T187A  KI  is  effective. 
Now  that  the  “positive  control”  is  available  (that  Rbl  +  I~; 
p2yT187A/T187A  mice  do  not  develop  pituitary  tumors),  testing 
antitumor  effects  of  p27T187A  KI  in  other  physiological  mouse 
tumor  models  will  be  more  informative. 

How  Does  p27T187A  KI  Maintain  Robust  Antibody  Response 
to  SRBC Immunization?— While  blocking  pituitary  tumorigen¬ 
esis  by  “two  hit”  loss  of  Rbl  identifies  a  sought-after  role  for  an 
anticipated  effect,  enhancing  GC  B  cell  expansion  leading  to 
improved  antigen  specific  humoral  immunity  in  older  mice  is 
opposite  to  our  anticipation.  This  unexpected  finding  has  the 
potential  to  address  another  important  medical  issue:  improve 
vaccination  efficacy  in  the  elderly.  Vaccination  efficacy  depends 
on  long  lived  plasma  cells  and  memory  B  cells,  both  of  them 
produced  by  the  GC  reaction  following  immunization.  Both  B 
and  T  cell  repertoires  experience  age-associated  impairment  in 
mice  and  humans.  In  co-transfer  experiments  testing  different 
combination  of  old  and  young  B  and  T  cells,  it  was  observed  that 
the  age-related  GC  impairment  mainly  engrafts  with  old  T  cells 
instead  of  old  B  cells  (32, 40).  More  recent  studies  have  revealed 
multiple,  age-associated  molecular  changes  in  the  follicular  T 
helper  cell  lineage  (Tfh  cells,  which  are  CD4+  T  cells  in  GC) 
(26).  Our  findings  have  now  implicated  the  regulation  of  p27 
protein  stability  in  these  aspects. 

We  suggest  that  ubiquitination  of  p27T187p  by  SCFskp2/cksl 
in  CD4+  T  cells  may  have  set  a  threshold  for  their  activation  at 
a  level  that  could  lead  these  cells  to  proliferate  in  young  age  to 
the  extent  that  compromises  their  proliferation  in  older  age. 
Indeed,  there  were  more  GCs  in  a  given  area  of  the  spleen  sec¬ 
tion  in  older p27T187A/T187A  mice  than  older  WT  mice  (Fig.  45), 
suggesting  increased  availability  of  cognitive  T  cells  to  SRBC- 
reactive  B  cells  to  initiate  the  GC  response  in  the  mutant  mice. 
In  other  words,  the  efficiency  of  T  cell  priming,  which  is  nor¬ 
mally  reduced  with  aging  (26,  29),  was  maintained  by  the 
expression  of  the  p27T187A  protein.  In  humans,  reduced  anti¬ 
body  response  to  vaccination  correlates  with  reduced  fre¬ 
quency  of  naive  T  cells  (41).  Thus,  it  is  possible  that  a  stabilized 
p27  protein  and  the  consequent  reduced  cell  cycle  activity  upon 
antigen  stimulation  (11)  preserved  more  proliferation  potential 
of  the  naive  CD4+  T  cell  pool,  while  this  pool  is  diminished 
with  aging  in  WT  mice.  This  notion  is  supported  by  our  obser¬ 
vation  that  older  p27T187A/T187A  mice  had  a  higher  CD4+/ 
CD8+  T  cell  ratio  relative  to  older  WT  mice  (Fig.  7). 

The  second  aspect  of  the  observed  enhanced  GC  phenotype 
is  that  individual  GCs  formed  in  older  p27T187A/T187A  mice  was 
77%  larger  on  average  than  those  in  older  WT  mice  (Fig.  4C), 
indicating  that  more  mitogenic  signals  were  provided  by  Tfh  in 
GC  to  the  GC  B  cells,  which  is  another  aspect  of  T  cell  function 
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known  to  deteriorate  with  aging  (26, 29).  While  detailed  molec¬ 
ular  mechanisms  linking  a  stabilized  p27  protein  to  enhanced  B 
cell  help  function  of  GC  T  cells  await  future  studies,  it  is  worth 
noting  that  a  recent  study  has  correlated  reduced  proliferation 
of  Tfh  cells  to  their  enhanced  B  cell  help  function  (42). 

In  summary,  our  study  have  provided  evidence  that  target¬ 
ing  p27T187  phosphorylation-dependent  ubiquitination  by 
SCFSkp2/cksl  could  be  very  effective  against  specific  types  of 
cancer  (43)  and  have  suggested  strategies  to  better  understand, 
and  potentially  leading  to  methods  to  prevent,  the  decline  of 
humoral  immunity  in  the  elderly  (26). 


Acknowledgments— We  thank  Dr.  James  Roberts  for  providing  the 
p27T187A  KI  mice,  Hong  Zhang  and  Drs.  Yong  Chen  and  Giorgio 
Cattoretti  for  valuable  suggestions  in  spleen  IF  and  IHC,  and  Dr. 
Herbert  Morse  III  for  assistance  with  histopathological  evaluation  of 
the  spleen  sections.  Albert  Einstein  Comprehensive  Cancer  Research 
Center  (5P30CA13330)  and  Liver  Research  Center  (5P30DK061153) 
provided  core  facility  support. 


REFERENCES 

1.  Nakayama,  I<.,  Ishida,  N.,  Shirane,  M.,  Inomata,  A.,  Inoue,  T.,  Shishido,  N., 
Horii,  I.,  Loh,  D.  Y.,  and  Nakayama,  K.-i.  (1996)  Mice  lacking  p27I<ipl 
display  increased  body  size,  multiple  organ  hyperplasia,  retinal  dysplasia, 
and  pituitary  tumors.  Cell  85,  707-720 

2.  Fero,  M.  L.,  Rivkin,  M.,  Tasch,  M.,  Porter,  P.,  Carow,  C.  E.,  Firpo,  E„  Polyak, 
K.,  Tsai,  L.-H.,  Broudy,  V.,  Perlmutter,  R.  M.,  Kaushansky,  K.,  and  Roberts, 
J.  M.  (1996)  A  syndrome  of  multiorgan  hyperplasia  with  features  of  gigan¬ 
tism,  tumorigenesis,  and  female  sterility  in  p27 Kip  1 -deficient  mice.  Cell 
85,  733-744 

3.  Kiyokawa,  H.,  Kineman,  R.  D.,  Manova-Todorova,  K.,  Soares,  V.  C.,  Hoff¬ 
man,  E.  S.,  Ono,  M.,  Khanam,  D.,  Hayday,  A.  C.,  Frohman,  L.  A.,  and  Koff, 
A.  (1996)  Enhanced  growth  of  mice  lacking  the  cyclin-dependent  kinase 
inhibitor  function  of  p27I<ipl.  Cell  85,  721-732 

4.  Besson,  A.,  Gurian-West,  M.,  Chen,  X.,  Kelly- Spratt,  I<.  S.,  Kemp,  C.  J.,  and 
Roberts,  J.  M.  (2006)  A  pathway  in  quiescent  cells  that  controls  p27I<ipl 
stability,  subcellular  localization,  and  tumor  suppression.  Genes  Dev.  20, 
47-64 

5.  Bassermann,  F.,  Eichner,  R.,  and  Pagano,  M.  (2014)  The  ubiquitin  protea- 
some  system  -  implications  for  cell  cycle  control  and  the  targeted  treat¬ 
ment  of  cancer.  Biochim.  Biophys.  Acta  1843, 150-162 

6.  Vlach,  J.,  Hennecke,  S.,  and  Amati,  B.  (1997)  Phosphorylation-dependent 
degradation  of  the  cyclin-dependent  kinase  inhibitor  p27.  EMBO  J.  16, 
5334-5344 

7.  Montagnoli,  A.,  Fiore,  F.,  Eytan,  E.,  Carrano,  A.  C.,  Draetta,  G.  F.,  Hershko, 
A.,  and  Pagano,  M.  (1999)  Ubiquitination  of  p27  is  regulated  by  Cdk-de- 
pendent  phosphorylation  and  trimeric  complex  formation.  Genes  Dev.  13, 
1181-1189 

8.  Ganoth,  D.,  Bornstein,  G.,  Ko,  T.  I<.,  Larsen,  B.,  Tyers,  M.,  Pagano,  M.,  and 
Hershko,  A.  (2001)  The  cell-cycle  regulatory  protein  Cksl  is  required  for 
SCF(Skp2)-mediated  ubiquitinylation  of  p27.  Nat.  Cell  Biol.  3,  321-324 

9.  Spruck,  C.,  Strohmaier,  H.,  Watson,  M.,  Smith,  A.  P.  L.,  Ryan,  A.,  Krek,  W., 
and  Reed,  S.  I.  (2001)  A  CDK-independent  function  of  mammalian  Cksl: 
targeting  of  SCFskp2  to  the  CDI<  inhibitor  p27Klpl.  Mol.  Cell  7,  639  -  650 

10.  Hao,  B.,  Zheng,  N.,  Schulman,  B.  A.,  Wu,  G.,  Miller,  J.  J.,  Pagano,  M.,  and 
Pavletich,  N.  P.  (2005)  Structural  basis  of  the  Cksl -dependent  recognition 
of  p27(I<ipl)  by  the  SCF(Skp2)  ubiquitin  ligase.  Mol.  Cell  20,  9-19 

11.  Malek,  N.  P.,  Sundberg,  H.,  McGrew,  S.,  Nakayama,  IC,  Kyriakides,  T.  R., 
and  Roberts,  J.  M.  (2001)  A  mouse  knock-in  model  exposes  sequential 
proteolytic  pathways  that  regulate  p27I<ipl  in  G1  and  S  phase.  Nature 
413,  323-327 

12.  Kossatz,  U.,  Dietrich,  N.,  Zender,  L.,  Buer,  J.,  Manns,  M.  P.,  and  Malek, 
N.  P.  (2004)  Skp2-dependent  degradation  of  p27kipl  is  essential  for  cell 
cycle  progression.  Genes  Dev.  18,  2602-2607 

iS\SBMB  VOLUME  290- NUMBER  9- FEBRUARY  27, 201 5 


Downloaded  from  http://www.jbc.org/  at  Albert  Einstein  College  of  Medicine  on  March  27,  2015 


p27T187  Phosphorylation  Affects  Tumorigenesis  and  Immunity 


13.  Sanz-Gonzalez,  S.  M.,  Melero-Fernandez  de  Mera,  R.,  Malek,  N.  P.,  and 
Andres,  V.  (2006)  Atheroma  development  in  apolipoprotein  E-null  mice  is 
not  regulated  by  phosphorylation  of  p27(I<ipl)  on  threonine  187.  /.  Cell. 
Biochem.  97,  735-743 

14.  Timmerbeul,  I.,  Garrett-Engele,  C.  M.,  Kossatz,  U.,  Chen,  X.,  Firpo,  E., 
Grtinwald,  V.,  Kamino,  I<.,  Wilkens,  L.,  Lehmann,  U.,  Buer,  J.,  Geffers,  R., 
Kubicka,  S.,  Manns,  M.  P.,  Porter,  P.  L.,  Roberts,  J.  M.,  and  Malek,  N.  P. 
(2006)  Testing  the  importance  of  p27  degradation  by  the  SCFskp2  path¬ 
way  in  murine  models  of  lung  and  colon  cancer.  Proc.  Natl.  Acad.  Sci. 
U.S.A.  103,  14009-14014 

15.  Wu,  L.,  Grigoryan,  A.  V.,  Li,  Y.,  Hao,  B.,  Pagano,  M.,  and  Cardozo,  T.  J. 
(2012)  Specific  small  molecule  inhibitors  of  Skp2-mediated  p27  degrada¬ 
tion.  Chem.  Biol.  19,  1515-1524 

16.  Ungermannova,  D.,  Lee,  J.,  Zhang,  G.,  Dallmann,  H.  G.,  McHenry,  C.  S., 
and  Liu,  X.  (2013)  High-throughput  screening  AlphaScreen  assay  for 
identification  of  small-molecule  inhibitors  of  ubiquitin  E3  ligase  SCF- 
Skp2-Cksl./.  Biomol.  Screen.  18,  910-920 

17.  Ooi,  L.  C.,  Watanabe,  N.,  Futamura,  Y.,  Sulaiman,  S.  F.,  Darah,  I.,  and 
Osada,  H.  (2013)  Identification  of  small  molecule  inhibitors  of  p27(I<ipl) 
ubiquitination  by  high-throughput  screening.  Cancer  Science  104, 
1461-1467 

18.  Victora,  G.  D.  (2014)  Snapshot:  The  Germinal  Center  Reaction.  Cell  159, 
700-700.e701 

19.  Wang,  H.,  Bauzon,  F.,  Ji,  P.,  Xu,  X.,  Sun,  D.,  Locker,  J.,  Sellers,  R.  S.,  Na- 
kayama,  K.,  Nakayama,  I<.  I.,  Cobrinilc,  D.,  and  Zhu,  L.  (2010)  Skp2  is 
required  for  survival  of  aberrantly  proliferating  Rbl-deficient  cells  and  for 
tumorigenesis  in  Rbl+/-  mice.  Nat.  Genet.  42,  83-88 

20.  Peled,  J.  U.,  Yu,  J.  J.,  Venkatesh,  J.,  Bi,  E.,  Ding,  B.  B.,  Krupski-Downs,  M., 
Shaknovich,  R.,  Sicinski,  P.,  Diamond,  B.,  Scharff,  M.  D.,  and  Ye,  B.  H. 
(2010)  Requirement  for  cyclin  D3  in  germinal  center  formation  and  func¬ 
tion.  Cell  Res.  20,  631-646 

21.  Jacks,  T.,  Fazeli,  A.,  Schmitt,  E.  M.,  Bronson,  R.  T.,  Goodell,  M.  A.,  and 
Weinberg,  R.  A.  (1992)  Effects  of  an  Rb  mutation  in  the  mouse.  Nature 
359,  295-300 

22.  Zhao,  H.,  Bauzon,  F.,  Fu,  H.,  Lu,  Z.,  Cui,  J.,  Nakayama,  K.,  Nakayama,  I<.  I., 
Locker,  J.,  and  Zhu,  L.  (2013)  Skp2  Deletion  Unmasks  a  p27  Safeguard  that 
Blocks  T umorigenesis  in  the  Absence  of  pRb  and  p53  T umor  Suppressors. 
Cancer  Cell  24,  645-  659 

23.  MacLennan,  I.  C.  (1994)  Germinal  centers.  Anna.  Rev.  Immunol.  12, 
117-139 

24.  Crotty,  S.  (2011)  Follicular  helper  CD4  T  cells  (TFH).  Annu.  Rev.  Immu¬ 
nol.  29,  621-663 

25.  Beguelin,  W.,  Popovic,  R.,  Teater,  M.,  Jiang,  Y.,  Bunting,  I<.  L.,  Rosen,  M., 
Shen,  H.,  Yang,  S.  N.,  Wang,  L.,  Ezponda,  T.,  Martinez-Garcia,  E.,  Zhang, 
H.,  Zheng,  Y.,  Verma,  S.  K.,  McCabe,  M.  T.,  Ott,  H.  M.,  Van  Aller,  G.  S., 
Kruger,  R.  G.,  Liu,  Y.,  McHugh,  C.  F.,  Scott,  D.  W.,  Chung,  Y.  R.,  Kelleher, 
N.,  Shaknovich,  R.,  Creasy,  C.  L.,  Gascoyne,  R.  D.,  Wong,  I<.  K.,  Cerchietti, 
L.,  Levine,  R.  L.,  Abdel-Wahab,  O.,  Licht,  J.  D.,  Elemento,  O.,  and  Melnick, 
A.  M.  (2013)  EZH2  is  required  for  germinal  center  formation  and  somatic 
EZH2  mutations  promote  lymphoid  transformation.  Cancer  Cell  23, 
677-692 

26.  Linterman,  M.  A.  (2014)  How  T  follicular  helper  cells  and  the  germinal 
centre  response  change  with  age.  Immunol.  Cell  Biol.  92,  72-79 

27.  Mountz,  J.  D.,  Wang,  J.  H.,  Xie,  S.,  and  Hsu,  H.  C.  (2011)  Cytokine  regu¬ 


FEBRUARY  27,  201 5-VOLUME  290-NUMBER  9  iPvSBMB 


lation  of  B-cell  migratory  behavior  favors  formation  of  germinal  centers  in 
autoimmune  disease.  Discovery  Medicine  1 1,  76  -  85 

28.  Bronte,  V.,  and  Pittet,  M.  J.  (2013)  The  spleen  in  local  and  systemic  regu¬ 
lation  of  immunity.  Immunity  39,  806-818 

29.  Foy,  T.  M.,  Aruffo,  A.,  Bajorath,  J.,  Buhlmann,  J.  E.,  and  Noelle,  R.  J.  (1996) 
Immune  regulation  by  CD40  and  its  ligand  GP39.  Annu.  Rev.  Immunol. 
14,  591-617 

30.  Tsukiyama,  T.,  Ishida,  N.,  Shirane,  M.,  Minamishima,  Y.  A.,  Hatakeyama, 
S.,  Kitagawa,  M.,  Nakayama,  IC,  and  Nakayama,  I<.  (2001)  Down-regula¬ 
tion  of  p27I<ipl  expression  is  required  for  development  and  function  of  T 
cells./.  Immunol.  166,  304-312 

31.  Callahan,  J.  E.,  Kappler,  J.  W.,  and  Marrack,  P.  (1993)  Unexpected  expan¬ 
sions  of  CD8-bearing  cells  in  old  mice./.  Immunol.  151,  6657-6669 

32.  Eaton,  S.  M.,  Burns,  E.  M.,  Kusser,  K.,  Randall,  T.  D.,  and  Haynes,  L.  (2004) 
Age-related  defects  in  CD4  T  cell  cognate  helper  function  lead  to  reduc¬ 
tions  in  humoral  responses./.  Exp.  Med.  200,  1613-1622 

33.  Liu,  L.,  Cheung,  T.  H.,  Charville,  G.  W.,  Hurgo,  B.  M.,  Leavitt,  T.,  Shih,  J., 
Brunet,  A.,  and  Rando,  T.  A.  (2013)  Chromatin  modifications  as  determi¬ 
nants  of  muscle  stem  cell  quiescence  and  chronological  aging.  Cell  Reports 
4,  189-204 

34.  Cheung,  T.  H.,  and  Rando,  T.  A.  (2013)  Molecular  regulation  of  stem  cell 
quiescence.  Nat.  Rev.  Mol.  Cell  Biol.  14,  329  -340 

35.  Shulman,  Z.,  Gitlin,  A.  D.,  Targ,  S.,  Jankovic,  M.,  Pasqual,  G.,  Nussenzweig, 
M.  C.,  and  Victora,  G.  D.  (2013)  T  follicular  helper  cell  dynamics  in  ger¬ 
minal  centers.  Science  341,  673-677 

36.  Gitlin,  A.  D.,  Shulman,  Z.,  and  Nussenzweig,  M.  C.  (2014)  Clonal  selection 
in  the  germinal  centre  by  regulated  proliferation  and  hypermutation.  Na¬ 
ture  509,  637-640 

37.  Chambers,  S.  M.,  Boles,  N.  C.,  Lin,  I<.  Y.,  Tierney,  M.  P.,  Bowman,  T.  V., 
Bradfute,  S.  B.,  Chen,  A.  J.,  Merchant,  A.  A.,  Sirin,  O.,  Weksberg,  D.  C., 
Merchant,  M.  G.,  Fisk,  C.  J.,  Shaw,  C.  A.,  and  Goodell,  M.  A.  (2007)  He¬ 
matopoietic  fingerprints:  an  expression  database  of  stem  cells  and  their 
progeny.  Cell  Stem  Cell  1,  578-591 

38.  Venezia,  T.  A.,  Merchant,  A.  A.,  Ramos,  C.  A.,  Whitehouse,  N.  L.,  Young, 
A.  S.,  Shaw,  C.  A.,  and  Goodell,  M.  A.  (2004)  Molecular  signatures  of 
proliferation  and  quiescence  in  hematopoietic  stem  cells.  PLoS  Biology  2, 
e301 

39.  Lu,  Z.,  Bauzon,  F.,  Fu,  H.,  Cui,  J.,  Zhao,  H.,  Nakayama,  I<.,  Nakayama,  K.  I., 
and  Zhu,  L.  (2014)  Skp2  suppresses  apoptosis  in  Rbl-deficient  tumours  by 
limiting  E2F1  activity.  Nat.  Commun.  5,  3463 

40.  Yang,  X.,  Stedra,  J.,  and  Cerny,  J.  (1996)  Relative  contribution  of  T  and  B 
cells  to  hypermutation  and  selection  of  the  antibody  repertoire  in  germi¬ 
nal  centers  of  aged  mice.  /  Exp.  Med.  183,  959-970 

41.  Looney,  R.  J.,  Hasan,  M.  S.,  Coffin,  D.,  Campbell,  D.,  Falsey,  A.  R.,  Kolassa, 
J.,  Agosti,  J.  M.,  Abraham,  G.  N.,  and  Evans,  T.  G.  (2001)  Hepatitis  B 
immunization  of  healthy  elderly  adults:  relationship  between  na'ive  CD4+ 
T  cells  and  primary  immune  response  and  evaluation  of  GM-CSF  as  an 
adjuvant./.  Clin.  Immunol.  21,  30-36 

42.  Good-Jacobson,  I<.  L.,  Szumilas,  C.  G.,  Chen,  L.,  Sharpe,  A.  H.,  Tomayko, 
M.  M.,  and  Shlomchik,  M.  J.  (2010)  PD-1  regulates  germinal  center  B  cell 
survival  and  the  formation  and  affinity  of  long-lived  plasma  cells.  Nat. 
Immunol.  11,  535-542 

43.  Zhu,  L.,  Lu,  Z.,  and  Zhao,  H.  (2014)  Antitumor  mechanisms  when  pRb  and 
p53  are  genetically  inactivated.  Oncogene  10.1038/onc.2014.399 


JOURNAL  OF  BIOLOGICAL  CHEMISTRY  5809 


Downloaded  from  http://www.jbc.org/  at  Albert  Einstein  College  of  Medicine  on  March  27,  2015 


Downloaded  by  [Yeshiva  University  Libraries  -  Cardozo  -  Einstein  -  YU]  at  12:28  30  June  2015 


Oncolmmunology  4:8,  el  026534;  August  2015;  ©  2015  Taylor  &  Francis  Group,  LLC 


AUTHOR'S  VIEW 


HHLA2  and  TMIGD2:  new  immunotherapeutic 
targets  of  the  B7  and  CD28  families 


Murali  Janakiram1,2^,  Jordan  M  Chinai1^,  Aimin  Zhao3,  Joseph  A  Sparano2,  and  Xingxing  Zang1,2'* 

1  Department  of  Microbiology  and  Immunology;  Albert  Einstein  College  of  Medicine;  Bronx,  NY  USA;  department  of  Oncology;  Montefiore  Medical  Center;  Albert  Einstein  College 
of  Medicine;  Bronx,  NY  USA;  department  of  Obstetrics  and  Gynecology;  Renji  Hospital;  Shanghai  Jiao  Tong  University  School  of  Medicine;  Shanghai,  China 

These  authors  contributed  equally  to  this  work. 

Keywords:  angiogenesis,  B7  family,  CD28  family,  HHLA2,  immunosuppression,  immunotherapy,  ligand,  receptor,  tumor 

microenvironment,  TMIGD2 


We  and  others  recently  discovered  HHLA2  as  a  new  B7  family  member  and  transmembrane  and  immunoglobulin 
domain  containing  2  (TMIGD2)  as  one  of  its  receptors.  Based  on  a  new  study  we  propose  that  HHLA2  may  represent  a 
novel  immunosuppressive  mechanism  within  the  tumor  microenvironment  and  hence  could  be  a  target  for  cancer 
therapy.  TMIGD2  may  be  another  therapeutic  target. 


HHLA2  (B7H7/B7-H5/B7y)  has 
recently  been  identified  as  a  new  member 
of  the  B7  family  member. 13  HHLA2  was 
initially  discovered  as  a  gene  in  the  Immu¬ 
noglobulin  (Ig)  superfamily  when  screen¬ 
ing  the  human  genome  for  human 
endogenous  retroviral  (HERV)  long  ter¬ 
minal  repeat  (LTR)  sequences  which  pro¬ 
vide  polyadenation  signals.4  Hence  the 
name,  HHLA2,  is  short  for  HERV-H 
LTR-associating  2.  HHLA2  orthologs 
appear  to  be  present  in  a  wide  range  of 
species  such  as  fish,  frog,  giant  panda, 
monkey  and  human,  but  not  in  laboratory 
mouse  and  rat  strains.  The  HHLA2  pro¬ 
tein  has  amino  acid  similarity  of  23  to 
33%  to  the  other  human  B7  family  mole¬ 
cules  and  phylogenetically  it  is  most  simi¬ 
lar  to  B7-H3  and  B7x  (B7-H4/B7S1). 
The  predicted  structure  of  HHLA2  is  a 
type  I  transmembrane  molecule  with  three 
extracellular  Ig  domains.  This  is  unique  as 
most  other  B7  family  members  contain 
only  two  Ig  domains  while  human  B7-H3 
has  four  Ig  domains  (Fig.  1A). 

HHLA2  functions  as  a  T  cell  coinhi- 
bitory  molecule  as  it  suppresses  prolifera¬ 
tion  and  cytokine  production  of  both 
human  CD4+  and  CD8+  T  cells.1,5 
HHLA2  is  constitutively  expressed  on 
the  surface  of  human  monocytes  and  is 
induced  on  B  cells  after  stimulation.1 


Unlike  PD-L1  and  B7-1  though, 
HHLA2  is  not  inducible  on  T  cells.  The 
differences  in  expression  on  immune  cells 
suggest  that  HHLA2  could  be  involved 
in  immune  regulation  at  a  different  func¬ 
tional  level  than  other  B7  family  mem¬ 
bers.  Using  immunohistochemistry  with 
an  HHLA2  monoclonal  antibody,  we 
have  recently  found  that  HHLA2  is  not 
expressed  in  most  human  tissues,  except 
the  placenta,  kidney,  intestine,  gall  blad¬ 
der,  and  breast.6  Expression  of  HHLA2 
in  the  placenta  and  the  intestines  is  inter¬ 
esting  as  it  may  help  fetal-maternal 
immune  tolerance  or  control  intestinal 
inflammation,  respectively.  Importantly, 
we  have  shown  many  human  cancers 
overexpress  HHLA2  including  cancers 
from  the  breast,  lung,  thyroid,  mela¬ 
noma,  pancreas,  ovary,  liver,  bladder, 
colon,  prostate,  kidney,  and  esophagus.6 
Moreover,  in  a  small  cohort  of  human 
triple-negative  breast  cancer  (TNBC) 
patients,  higher  expression  of  HHLA2  on 
tumor  cells  was  associated  with  increased 
lymph  node  metastases.6  The  wide 
expression  of  HHLA2  in  human  cancers 
and  its  association  with  more  invasive 
disease  in  the  TNBC  cohort  suggest  that 
HHLA2  potentially  plays  an  important 
role  in  tumor  evolution  and  metastases 
through  immune  suppression. 


There  are  at  least  two  mechanisms 
upregulating  HHLA2  expression.  One 
mechanism  is  inflammatory  stimula¬ 
tion.1,  HHLA2  expression  can  be 
increased  on  monocytes  and  macrophages 
and  is  induced  on  B  cells  by  stimulation 
with  LPS  and  IFN-y.1,2  The  second 
mechanism  is  the  gene  copy-number  vari¬ 
ation.6  We  compared  gene  dosage  in  the 
basal  subtype  of  TNBC  using  the  cBio- 
Portal  for  the  Cancer  Genomics  database.7 
In  this  subtype,  32%  had  HHLA2  gene 
copy-number  variations  and  the  majority 
(95%)  of  these  variants  were  either  ampli¬ 
fications  or  gains  of  HHLA2  gene  copy 
number,6  suggesting  this  could  be  another 
mechanism  of  overexpression. 

Receptors  for  HHLA2  can  be  found 
on  a  wide  variety  of  immune  cells, 
including  T  cells,  B  cells,  monocytes,  and 
dendritic  cells.1  We  and  others  have  inde¬ 
pendently  identified  one  of  receptors  for 
HHLA2,  TMIGD2,6  also  called  CD28 
homolog  (CD28H),2  through  a  bioinfor¬ 
matics  analysis/immunological  approach 
and  a  high-throughput  screening,  respec¬ 
tively.  Like  HHLA2,  this  molecule  is 
expressed  in  humans  and  monkeys  but 
not  in  mice  or  rats.  This  molecule  was 
initially  reported  as  an  endothelial  adhe¬ 
sion  molecule  which  was  renamed  Immu¬ 
noglobulin-containing  and  Proline-rich 
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Figure  1.  The  B7  and  CD28  families  and  the  significance  of  HHLA2  and  TMIGD2  within  the  tumor  microenvironment.  (A)  A  structural  representation  of 
the  B7  and  CD28  family  members.  (B)  A  proposed  model  for  the  roles  of  HHLA2  and  TMIGD2  within  the  tumor  microenvironment.  Tumor-expressed 
HHLA2  can  interact  not  only  with  an  unidentified  receptor  on  activated  T  cells  that  leads  to  coinhibition,  but  also  with  TMIGD2  on  endothelium  that  stim¬ 
ulates  tumor  angiogenesis.  Additionally,  tumor-expressed  HHLA2  can  bind  to  other  immune  cells  and  likely  affects  their  functions  in  ways  that  are  not 
yet  understood.  Finally,  tumor-associated  macrophages  (TAM)  may  express  HHLA2  and  interact  with  TMIGD2  on  endothelium. 


Receptor- 1  (IGPR-1).8  TMIGD2  protein 
can  be  detected  in  cells  of  epithelial  and 
endothelial  origins,  and  is  able  to  enhance 
angiogenesis  in  vitro  when  overexpressed 
by  endothelial  cell  lines.8  Furthermore, 
TMIGD2  is  reported  as  a  stimulatory 
receptor  expressed  primarily  on  naive  T 
cells.2  Like  other  CD28  family  members, 
TMIGD2  is  an  Ig  superfamily  member 
with  an  extracellular  IgV-like  domain,  a 
transmembrane  region,  and  a  cytoplasmic 
tail.6  The  cytoplasmic  tail  contains  tyro¬ 
sine  residues  which  can  be  phosphory- 
lated2  and  a  proline-rich  domain  which 
associates  with  multiple  Src  homology  3 
(SH3)-containing  signaling  molecules.8 
Together,  these  studies  suggest  that 
TMIGD2  has  multiple  functions 
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Ligands  from  the  B7  family  bind  to  receptors  of  the  CD28 
family,  which  regulate  early  T  cell  activation  in  lymphoid 
organs  and  control  inflammation  and  autoimmunity  in 
peripheral  tissues.  Programmed  death-1  (PD-1),  a  mem¬ 
ber  of  the  CD28  family,  is  an  inhibitory  receptor  on  T  cells 
and  is  responsible  for  their  dysfunction  in  infectious  dis¬ 
eases  and  cancers.  The  complex  mechanisms  controlling 
the  expression  and  signaling  of  PD-1  and  programmed 
death  ligand  1  (PD-L1)  are  emerging.  Recently  completed 
and  ongoing  clinical  trials  that  target  these  molecules 
have  shown  remarkable  success  by  generating  durable 
clinical  responses  in  some  cancer  patients.  In  chronic  viral 
infections,  preclinical  data  reveal  that  targeting  PD-1  and 
its  ligands  can  improve  T  cell  responses  and  virus  clear¬ 
ance.  There  is  also  promise  in  stimulating  this  pathway 
for  the  treatment  of  autoimmune  and  inflammatory 
disorders. 

Expression  of  PD-1  and  its  ligands  PD-L1  and  PD-L2 

PD-1  (CD279)  is  an  inhibitory  receptor  from  the  CD28 
family  that  is  expressed  on  various  immune  cells  including 
T  and  B  lymphocytes,  dendritic  cells  (DCs),  monocytes, 
and  macrophages  [1—4].  While  PD-1  is  not  expressed  on 
naive  T  cells,  it  is  upregulated  following  T  cell  receptor 
(TCR)-mediated  activation  and  is  readily  observed  on  both 
activated  and  exhausted  T  cells  [5,6].  These  ‘exhausted’ T 
cells  have  a  dysfunctional  phenotype  and  are  unable  to 
respond  appropriately  to  stimuli.  Although  PD-1  has  a 
relatively  wide  expression  pattern,  its  most  important  role 
is  likely  as  a  coinhibitory  receptor  on  T  cells.  Current 
therapeutic  approaches  focus  on  blocking  the  interaction 
of  this  receptor  with  its  ligands  to  enhance  T  cell 
responses. 

PD-L1  (B7-H1,  CD274)  and  PD-L2  (B7-DC,  CD273)  are 
both  B7  family  members  and  are  currently  the  only  known 
ligands  for  PD-1  [3,7,8].  However,  their  effects  are  not 
exclusively  mediated  through  PD-1  because  PD-L1  inter¬ 
acts  with  B7-1,  and  PD-L2  can  bind  to  another  receptor, 
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RGMb  [9,10].  Although  both  PD-L1  and  PD-L2  bind  to  PD- 
1  and  deliver  coinhibitory  signals  to  T  cells,  their  expres¬ 
sion  patterns  differ  significantly.  PD-L2  is  expressed  in 
relatively  few  cells  and  tissues  but  is  upregulated  on 
activated  antigen-presenting  cells  (APCs)  including  mono¬ 
cytes,  macrophage,  and  DCs  [4], 

PD-L1  expression  is  much  more  diverse.  PD-L1  can  be 
seen  on  T  cells,  B  cells,  monocytes,  macrophages,  and  DCs, 
and  is  typically  upregulated  with  activation.  Unlike  the 
classic  B7  family  members,  B7-1  and  B7-2,  which  are 
mainly  restricted  to  expression  on  APCs,  PD-L1  is 
expressed  in  several  non-hematopoietic  tissues  including 
the  heart,  pancreas,  placenta,  vascular  endothelium,  liver, 
lung,  and  skin  [2,7],  This  tissue  expression  plays  an  im¬ 
portant  role  in  regulating  immune  responses  in  the  periph¬ 
ery  [11,12],  In  addition  to  these  normal  tissues,  PD-L1  is 
often  overexpressed  on  cancers  as  a  mechanism  for  the 
cancerous  cells  to  avoid  immune  surveillance.  It  is  most 
likely  that  PD-L1/L2  expression  on  APCs  and  non-hemato¬ 
poietic  tissue  (including  tumors)  is  the  most  important 
from  a  therapeutic  standpoint. 


Glossary 

Immune-related  progression-free  survival:  in  immune  checkpoint  inhibitor 
trials  on  initial  treatment  some  lesions  may  progress  or  can  worsen,  which  by 
traditional  standards  would  have  been  considered  progressive  disease  when  it 
could  actually  be  immune-mediated  eradication  of  disease.  Hence  new  criteria 
for  the  classification  of  immunological  adverse  events  have  been  proposed 
and  PFS  measured  according  to  the  new  criteria. 

Immunological  serious  adverse  events:  adverse  events  which  are  autoimmune 
in  nature  and  could  have  been  potentially  caused  by  immune  drugs  are  termed 
'immunological  SAE'  examples,  autoimmune  colitis,  thyroiditis,  pneumonitis. 
Objective  response  rate  (ORR):  the  proportion  of  patients  with  tumor  size 
reduction  of  a  predefined  amount  and  for  a  minimum  time-period. 

Overall  survival  (OS):  the  percentage  of  people  in  a  study  who  are  alive  for  a 
specified  period  of  time  after  they  were  diagnosed  with  or  started  treatment  for 
cancer. 

Progression-free  survival  (PFS):  the  PFS  is  defined  as  the  time  from  assignment 
in  a  clinical  trial  until  either  progression  of  the  disease  or  death  of  the  patient 
due  to  any  cause. 

Serious  adverse  events  (SAEs):  unfavorable  symptoms,  signs,  or  laboratory 
values  which,  in  the  view  of  either  the  investigator  or  sponsor,  result  in  any  of 
the  following  outcomes:  death,  a  life-threatening  adverse  event,  inpatient 
hospitalization  or  prolongation  of  existing  hospitalization,  a  persistent  or 
significant  incapacity  or  substantial  disruption  of  the  ability  to  conduct  normal 
life  functions  (21CFR312.32).  Adverse  events  are  graded  according  to  the 
Common  Terminology  Criteria  for  Adverse  Events  (CTCAE)  on  a  scale  of  1  to 
5  where  grade  1  is  a  mild  adverse  event  and  grade  5  is  death.  In  clinical  trials, 
grade  3  or  4  SAE  usually  require  dose  adjustment  or  stopping  the  drug. 
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Beginning  with  the  observation  that  PD-1  knockout 
mice  develop  spontaneous  autoimmunity,  it  has  since  been 
demonstrated  in  numerous  studies  that  the  PD-1/PD-L1/ 
L2  pathway  is  important  for  T  cell  regulation  in  a  variety  of 
infectious,  autoimmune,  and  cancer  models  in  mice 
[13].  These  studies  largely  demonstrate  an  important  role 
for  these  molecules  in  regulating  T  cell  responses;  this 
forms  the  basis  for  the  development  of  a  new  generation 
of  targeted  therapies  against  PD-1  and  PD-L1. 

In  this  review  we  begin  by  covering  the  important  roles 
of  these  molecules  and  their  mechanisms  of  expression  and 
signaling.  This  is  an  exciting  time  to  review  these  mole¬ 
cules  because  we  are  only  now  beginning  to  see  patients 
benefiting  from  over  two  decades  of  basic  research  focused 
on  this  pathway.  We  review  the  therapeutic  potential  of 
this  pathway  and  summarize  the  latest  clinical  trial 
results  of  drugs  targeting  PD-1  and  PD-L1. 

PD-1  signaling 

Signaling  through  PD-1  is  triggered  by  engagement  with 
its  known  ligands,  PD-L1  and  PD-L2.  Despite  the  name  of 
the  receptor,  cell  death  is  not  the  primary  result  of  engage¬ 
ment.  Instead,  the  primary  effect  of  this  signaling  is  to 
inhibit  TCR  and  essential  costimulatory  signals  (Figure  1). 
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Upon  engagement,  PD-1  clusters  and  localizes  to  the  TCR 
complex  [14].  PD-1  can  inhibit  the  phosphorylation  of  the 
TCR  CD3£  chains  and  Zap-70,  which  are  early  steps  fol¬ 
lowing  TCR  engagement  [14-16].  Downstream  activation 
of  Ras,  an  enhancer  of  survival  and  proliferation,  is  also 
inhibited  by  PD-1  [17].  Together  with  the  direct  TCR 
signals,  CD28  delivers  costimulatory  signals  by  activation 
of  the  phosphatidylinositol  3-kinase  (PI3K)/Akt  pathway. 
PD-1  signaling  represses  this  pathway  by  blocking  PI3K 
activation  [15].  This  action  begins  with  the  phosphoryla¬ 
tion  of  PD-l’s  intracellular  immunoreceptor  tyrosine-based 
switch  motif  (ITSM)  and  immunoreceptor  tyrosine-based 
inhibitory  motif  (ITIM).  The  ITSM  appears  to  be  the  more 
important  of  these  two  motifs  [16,18].  The  phosphorylated 
ITSM  recruits  the  tyrosine  phosphatase,  SHP-2 
[14,15].  This  phosphatase  leads  to  the  inactivation  of 
PI3K  and  downstream  inhibition  of  the  Akt  pathway.  Of 
note,  although  both  PD-1  and  CTLA-4  inhibit  T  cells,  the 
mechanisms  engaged  by  these  two  receptors  are  distinct 
[15]. 

The  downstream  signaling  effects  through  PD-1  are 
numerous  (Figure  1).  As  with  other  coinhibitory  receptors, 
a  decrease  in  T  cell  proliferation  is  seen  together  with 
a  decrease  in  several  inflammatory  cytokines  including 
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\  Cell  cycle  entry 
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Figure  1.  Programmed  death-1  (PD-1 )  signaling.  PD-1  has  both  an  intracellular  immunoreceptor  tyrosine-based  switch  motif  (ITSM)  and  immunoreceptor  tyrosine-based 
inhibitory  motif  (ITIM)  in  its  cytoplasmic  tail.  SHP-2  can  bind  to  the  phosphorylated  ITSM.  Binding  of  ligands  to  PD-1  leads  to  overall  inhibition  of  T  cell  receptor  (TCR) 
signaling  through  inhibition  of  CD3i;  chain  phosphorylation  and  Zap-70  association.  PD-1  signaling  causes  the  downregulation  of  both  Ras  and  Bcl-xL  which  affect 
proliferation  and  cell  survival,  respectively.  An  increase  in  BATF  can  be  seen  which  impairs  the  effector  function  of  T  cells.  PD-1  also  inhibits  the  phosphatidylinositol  3- 
kinase  (PI3K)/Akt  pathway  by  inhibiting  the  activation  of  PI3K.  This  has  downstream  effects  including  downregulation  of  mechanistic  target  of  rapamycin  (mTOR)  and  an 
increased  half-life  of  FoxOI .  PD-1  signaling  also  influences  cellular  metabolism  by  inhibiting  glycolysis  and  promoting  fatty  acid  oxidation.  Together,  all  these  effects  cause 
T  cells  to  become  less  proliferative,  lose  their  effector  functions,  and  take  on  an  exhausted  and  dysfunctional  phenotype.  The  net  effect  of  PD-1  ligation  on  all  of  these 
processes  is  shown  in  red,  with  arrow  direction  indicating  upregulation  and  downregulation.  Abbreviation:  APC,  antigen-presenting  cell. 
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tumor  necrosis  factor  a  (TNF-a),  interferon  y  (IFN-7),  and 
interleukin  2  (IL-2)  [2,3,6].  PD-1  signaling  also  appears  to 
be  self-reinforcing.  Activation  of  this  receptor  protects  the 
transcription  factor,  FoxOl,  from  degradation,  which  leads 
to  increased  expression  of  PD-1  [19]. 

More  global  effects  are  also  seen  on  T  cells.  It  has  been 
shown  that  PD-L1  plays  an  important  role  in  the  differen¬ 
tiation  of  inducible  regulatory  T  cells  (iTregs)  both  in  vitro 
and  in  vivo  [20].  PD-L1  expression  not  only  on  APCs  but 
also  on  other  non-hematopoietic  tissues  may  be  capable  of 
inducing  Tregs.  PD-1  signaling  is  accompanied  by  down- 
regulation  of  phospho-Akt,  mechanistic  target  of  rapamy- 
cin  (mTOR),  S6,  and  Erk2,  and  by  upregulation  of 
phosphatase  and  tensin  homolog  (PTEN)  [20].  Earlier 
work  demonstrated  that  the  Akt  signaling  pathway  is  a 
strong  inhibitor  of  iTreg  development,  and  this  supports 
the  proposed  mechanism  of  the  generation  of  PD-Ll-in- 
duced  Tregs  [21]. 

It  was  also  recently  shown  that  PD-1  signaling  influ¬ 
ences  the  metabolism  of  T  cells  [22],  PD-1  signaling  results 
in  the  inhibition  of  glycolysis  and  metabolism  of  amino 
acids  while  simultaneously  promoting  fatty  acid  oxidation 
[22] .  These  effects  on  T  cell  metabolism  are  consistent  with 
an  inhibition  or  reversal  of  effector  function,  and  may 
partly  explain  the  mechanism  of  impaired  function  seen 
in  PD-1+  T  cells. 

PD-1  plays  an  important  role  in  exhausted  T  cells.  It 
was  first  noted  that,  in  chronic  viral  infections,  PD-1  was 
upregulated  selectively  on  exhausted  CD8  T  cells  [6]. 
This  observation  has  been  seen  in  numerous  chronic 
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viral  infections  in  both  mice  and  humans  [6,23-27].  PD- 
1  expression  by  T  cells  in  the  tumor  microenvironment  is 
also  associated  with  an  exhausted  and  dysfunctional  phe¬ 
notype  [28].  Most  importantly,  blockade  of  the  PD-1  sig¬ 
naling  is  able  to  restore  CD8  T  cell  function  and  allows 
recovery  of  cytotoxic  capabilities  from  the  exhausted  phe¬ 
notype  [29] .  This  treatment  results  in  improved  control  of 
viral  infection  in  several  animal  models  and  is  the  basis  for 
future  clinical  trials  manipulating  PD-1  signaling  in  infec¬ 
tious  disease. 

Mechanisms  controlling  PD-1  expression 

Considering  the  clinical  importance  of  these  molecules, 
there  is  great  interest  in  understanding  the  mechanisms 
behind  their  expression.  PD-1  is  upregulated  on  T  cells 
following  TCR  ligation  [5]  (Figure  2A).  Cytokine  signals  are 
also  important  for  the  regulation  of  this  molecule.  Signal¬ 
ing  through  the  common  7  chain  appears  to  be  important, 
and  ligands  of  the  common  7  chain,  IL-2,  IL-7,  IL-15,  and 
IL-21,  can  upregulate  PD-1  expression  on  T  cells  [30]. 

Several  more  direct  transcriptional  mechanisms  have 
been  found  as  well.  The  transcription  factor,  T-bet,  directly 
and  actively  represses  PD-1  gene  expression  [25].  After 
repeated  antigenic  stimulation,  T-bet  is  downregulated, 
which  leads  to  PD-1  expression  and  exhaustion.  IL-6  and 
IL-12  (via  STAT3  and  STAT4,  respectively)  can  also  induce 
PD-1  in  activated  T  cells  through  distal  regulatory  ele¬ 
ments  that  interact  with  the  PD-1  gene  promoter 
[31].  NFATcl  is  a  transcription  factor  that  directly  acti¬ 
vates  PD-1  expression  [31,32],  Blimp-1  inhibits  PD-1 
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Figure  2.  Regulation  of  programmed  death-1  (PD-1 )  and  programmed  death  ligand  1  (PD-L1 )  expression.  PD-1  and  its  ligands  are  regulated  by  a  complex  network  of  factors. 
(A)  PD-1  expression  on  T  cells  can  be  upregulated  by  numerous  cytokines.  Many  of  the  common  y  chain  cytokines  (interleukin-2,  IL-7,  IL-15,  IL-21)  can  upregulate  PD-1.  IL-6 
and  IL-12,  acting  through  signal  transducer  and  activator  of  transcription  3  (STAT3)  and  STAT4,  respectively,  enhance  expression  of  PD-1  through  distal  regulatory 
elements.  Of  particular  relevance  to  the  tumor  microenvironment,  vascular  endothelial  growth  factor  A  (VEGF-A)  can  upregulate  PD-1  through  a  VEGF  receptor  found  on  T 
cells.  The  nuclear  factors  FoxOl  and  NFATcl  upregulate  PD-1  through  its  promoter.  Blimp-1  and  T-bet  also  interact  with  the  promoter  but  block  its  expression.  Blimp-1  also 
functions  by  inhibiting  NFATcl  promoter-binding.  (B)  PD-L1  expression  is  also  regulated  by  numerous  mechanisms.  Like  PD-1,  several  of  the  common  y  chain  cytokines 
upregulate  it.  IL-4  and  granulocyte-macrophage  colony-stimulating  factor  (GM-CSF)  are  also  strong  upregulators  of  both  PD-L1  and  PD-L2.  In  IFN-7  signaling,  IRF-1  can  bind 
to  IFN  response  elements  in  the  promoter  of  PDL 1.  Flypoxia  can  lead  to  upregulation  of  HIF-a  which  binds  to  the  PDL1  promoter  and  stimulates  expression.  Mutations  of  the 
EGFR  receptor  and  loss  of  PTEN  in  tumors  can  upregulate  PD-L1.  Another  post-transcriptional  mechanism  of  regulation  is  through  microRNAs.  miR-200  suppression  leads 
not  only  to  cancer  stage  progression  but  also  to  simultaneous  upregulation  of  PD-L1.  miR-513  can  similarly  regulate  PD-L1  expression  in  biliary  epithelial  cells. 
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expression  in  viral  infection  by  not  only  repressing 
NFATcl  but  also  by  generating  suppressive  chromatin 
changes  at  the  PD-1  locus  [27].  Other  epigenetic  modifica¬ 
tions  have  been  described  including  regulation  of  PD-1  by 
DNA  methylation.  Viral  infection  leads  to  a  loss  of  this 
methylation  in  CD8  T  cells  which  then  allows  transcription 
of  PD-1  [26,33].  This  demethylation  is  directly  related  to 
the  strength  and  duration  of  TCR  signaling  [26].  FoxOl  is 
another  important  transcription  factor  that  promotes  an 
exhausted  cytotoxic  T  cell  profile  and  upregulates  PD-1 
[19].  FoxOl  is  of  particular  importance  because  PD-1 
signaling  prevents  FoxOl  degradation  and  thus  defines 
a  positive  feedback  loop  where  PD-1  signaling  promotes 
the  expression  of  more  PD-1  [19]. 

PD-1  expression  on  T  cells  within  the  tumor  microenvi¬ 
ronment  is  a  highly  important  factor  in  the  use  of  immu¬ 
notherapy  for  the  treatment  of  cancers.  PD-1  expression  on 
T  cells  is  predictive  of  response  to  therapies  targeting  this 
signaling  pathway  [34],  Beyond  general  T  cell  activation 
and  local  cytokines  promoting  expression  of  PD-1,  it  has 
been  shown  that  vascular  endothelial  growth  factor  A 
(VEGF-A)  can  promote  PD-1  expression  on  CD8  T  cells 
through  a  VEGF  receptor  on  these  cells  [35].  From  all  of 
these  studies  we  can  see  that  there  is  a  complex  network  of 
many  distinct  mechanisms  that  influence  the  expression  of 
PD-1. 

Mechanisms  regulating  expression  of  PD-L1  and  PD-L2 

While  PD-L1  and  PD-L2  share  some  similarity  in  the 
molecules  that  induce  them,  there  are  some  clear  differ¬ 
ences  as  well.  Relatively  little  is  known  about  the  mecha¬ 
nisms  regulating  PD-L2  expression  compared  to  PD-L1. 

Several  of  the  common  y  chain  cytokines,  IL-2,  IL-7,  and 
IL-15,  upregulate  PD-L1  on  monocytes  and  macrophages 
as  well  as  on  T  cells  (Figure  2B).  IFN-y,  granulocyte- 
macrophage  colony-stimulating  factor  (GM-CSF),  and  IL- 
4  upregulate  both  PD-L1  and  PD-L2  on  macrophages 
[3,4],  IL-4  and  GM-CSF  appear  to  have  the  most  profound 
effect  on  the  expression  of  PD-L2.  Downstream  IFN-y 
signaling  specifically  results  in  binding  of  interferon  regu¬ 
latory  factor-l(IRF-l)  to  the  PD-L1  gene  promoter  [36]. 

PD-L1  overexpression  on  tumors  has  also  been  studied. 
While  many  of  the  mechanisms  upregulating  expression 
may  be  similar  to  those  seen  in  leukocytes,  several  tumor- 
specific  triggers  have  also  been  identified.  Loss  of  PTEN  is 
a  common  mutation  in  tumors  and  leads  to  overactivation 
of  the  PI3K/Akt  pathway.  This  mutation  and  the  ensuing 
downstream  signaling  can  lead  to  overexpression  of  PD-L1 
[37],  This  overexpression  mechanism  is  largely  post-tran- 
scriptionally  mediated.  Similarly,  there  is  evidence  that 
overstimulation  of  the  epidermal  growth  factor  receptor 
(EGFR)  pathway,  which  is  often  found  in  cancers  with 
EGFR  mutations,  can  lead  to  upregulation  of  PD-L1  in 
human  cancer  cells  [38].  Another  study  showed  a  trend 
toward  NRAS  mutations  being  associated  with  higher  PD- 
L1  levels  [39].  Non-mutagenic  mechanisms  have  also  been 
established.  It  has  been  shown  that  several  important 
signaling  pathways  including  the  PI3K  and  mitogen-acti¬ 
vated  protein  kinase  (MAPK)  pathways  can  modify  PD-L1 
expression  [40] .  They  also  showed  that  pharmacologically 
manipulating  these  pathways  may  be  a  possible  strategy  to 


modify  PD-L1  expression  in  tumors.  Another  group  has 
shown  specific  evidence  that  treatment  of  melanoma 
patients  with  MAPK  inhibitors  will  likely  be  beneficial 
in  patients  whose  tumors  express  PD-L1  and  contain 
tumor  infiltrating  lymphocytes  (TILs)  before  treatment 
[41].  A  feature  common  to  nearly  all  solid  tumors  is  hyp¬ 
oxia,  which  can  lead  to  induction  of  the  transcription  factor, 
hypoxia-inducible  factor-la  (HIF-la).  HIF-la  can  bind  to  a 
hypoxia  response  element  in  the  PD-L1  promoter  and  lead 
to  expression  of  PD-L1  not  only  on  tumor  cells  but  also  on 
myeloid-derived  suppressor  cells  (MDSCs),  macrophages, 
and  DCs  within  the  tumor  microenvironment  [42] .  Micro- 
RNAs  also  play  a  role  in  regulating  tumor-expressed  PD- 
Ll.  Downregulation  of  miR-200  in  tumors  leads  not  only  to 
metastasis  but  also  a  simultaneous  enhancement  of  ex¬ 
pression  of  PD-L1  [43].  In  other  tissues,  miR-513  similarly 
targets  degradation  of  the  PD-L1  transcript  [44], 

Immunotherapy  targeting  PD-1  in  chronic  infection 

Chronic  infection  results  in  a  sustained  high  level  of  anti¬ 
gen  exposure,  which  ultimately  leads  to  T  cell  exhaustion 
[45].  In  a  mouse  model  of  chronic  lymphocytic  choriome¬ 
ningitis  virus  (LCMV)  infection,  blocking  PD-1  and  lym¬ 
phocyte-activation  gene  (LAG-3)  simultaneously  reversed 
the  exhausted  phenotype  and  led  to  the  clearance  of  viral 
infection  [46].  T  cell  exhaustion  is  also  found  in  chronic 
infections  such  as  HIV  [47],  and  hepatitis  B  and  C  virus 
(HBV,  HCV)  infections  in  humans  [48,49].  Reversal  of  the 
exhausted  phenotype  can  be  achieved  by  blocking  PD-1, 
and  this  leads  to  clearance  of  the  virus. 

The  proof  of  principle  of  this  approach  was  demonstrat¬ 
ed  when  the  CTLA-4  inhibitor,  tremelimumab,  was  tested 
in  a  Phase  I  trial  in  hepatocellular  carcinoma  and  chronic 
HCV  infection.  Tremelimumab  (15  mg/kg  IV  every  90  days) 
was  administered  until  cancer  progression.  In  this  study, 
HCV  viral  loads  declined  in  most  patients  and  there  was  an 
increase  in  virus-specific  IFN -y-producing  lymphocytes 
post-treatment  [50].  Nivolumab,  an  anti-PD-1  monoclonal 
antibody,  was  tested  in  IFN-refractory  (n  =  42)  and  -naive 
(n  =  12)  patients  with  chronic  HCV  infection  [51].  Patients 
were  randomized  5:1  to  receive  a  single  infusion  of  nivo¬ 
lumab  in  a  dose-escalation  protocol  or  of  placebo  ( n  =  7). 
Five  patients  in  the  nivolumab  arm  had  a  significant 
reduction  in  HCV  RNA;  three  achieved  a  >4  log  reduction, 
two  patients  achieved  RNA  below  the  lower  limit  of  quan¬ 
titation,  and  one  remained  RNA-undetectable  1  year  post¬ 
study.  Nivolumab  was  well  tolerated  and  one  patient  had 
an  asymptomatic  alanine  transaminase  (ALT)  elevation. 
Nivolumab  and  anti-PD-Ll  treatments  are  being  tested  in 
HIV  patients  on  antiretroviral  therapy  to  eliminate  the 
undetectable  reservoir  of  viral  infection.  These  studies 
show  that  reversing  T  cell  exhaustion  can  be  one  strategy 
to  control  chronic  viral  infections. 

Anti-PD-1  inhibitors  in  cancer  therapy 

The  success  of  inhibiting  the  central  immune  check  point, 
CTLA-4,  in  melanoma  [52,53]  led  to  the  development  of 
peripheral  checkpoint  inhibitors  targeting  the  PD-1/PD-L1 
pathway.  PD-1  inhibitors  block  the  interaction  of  the 
ligands,  PD-L1  and  PD-L2,  with  T  cells  and  increase 
T  cell  proliferation  and  function  [54].  The  PD-1  inhibitors 


590 


Review 


Trends  in  Pharmacological  Sciences  September  2015,  Vol.  36,  No.  9 


currently  in  clinical  trials  are  nivolumab  (MDX-1106/BMS- 
936558,  Bristol  Meyers  Squibb),  pembrolizumab  (MK- 
3475,  Merck)  and  pidilizumab  (CT-011,  Cure  Tech);  these 
have  some  differences. 

Nivolumab  and  pembrolizumab  are  fully  human  IgG4 
and  humanized  IgG4  monoclonal  antibodies  (mAbs),  re¬ 
spectively.  Unlike  the  IgGl  and  IgG3  subtypes,  IgG4  has 
markedly  decreased  antibody  dependent  cell-mediated  cy¬ 
totoxicity  (ADCC)  and  complement-dependent  cytotoxicity 
(CDC)  activity,  which  prevents  depletion  of  activated  T 
cells  [55] .  Below  we  present  an  overview  of  selected  trials  of 
PD-1  inhibitors  in  solid  tumors  and  hematological  malig¬ 
nancies  (Table  1). 


Melanoma 

Melanoma  is  a  known  immunogenic  tumor,  and  TILs  in 
melanoma  have  been  shown  to  colocalize  with  melanocytes 
expressing  PD-L1.  This  interaction  of  T  cells  with  tumor- 
expressed  PD-L1  contributes  to  immune  evasion  in  mela¬ 
noma  [56].  Ipilimumab  (a  monoclonal  antibody  against 
CTLA-4)  demonstrated  an  overall  survival  (OS;  see  Glos¬ 
sary)  benefit  in  two  Phase  III  trials  in  metastatic  melano¬ 
ma  [53,57],  However,  approximately  only  20%  of  patients 
with  metastatic  melanoma  survive  after  3  years  even  after 
ipilimumab,  leaving  marked  room  for  improvement. 

In  a  Phase  I  study  of  refractory  melanoma  patients, 
nivolumab  had  an  objective  response  rate  (ORR)  of  31% 


Table  1.  Clinical  trials  of  antibodies  to  PD-1a 


Drug 

IMCT 

Phase 

Design 

Population 

n 

Key  findings/conclusions 

Melanoma 

Nivolumab 

NCT00730639 

1 

Dose  finding  and  dose 
expansion 

Advanced  melanoma 

107 

OS  =  43%  at  2  years  which  compares 
favorably  with  historical  population 

NCT01 176461 

1 

Nivolumab  +/-  peptide 
vaccine  (NY-ESO-1, 
gplOO,  MART-1) 

Advance  melanoma, 
Ipilimumab  naive  and 
refractory 

90 

ORR  =  25.1%.  No  difference  in 
response  between  Ipilimumab  naive 
and  refractory  or  addition  ofvaccineto 
nivolumab.  PD-L1  negative  patients 
also  responded. 

NCT01721772 

III 

Nivolumab  versus 
dacarbazine 

Metastatic  melanoma 
without  BRAF  mutation 

418 

Significantly  better  1  yr  OS  in 
nivolumab  arm  (72.9%  vs  42.1%). 
Relatively  well  tolerated 

NCT01721746 

III 

Nivolumab  versus 
investigators  choice 

Metastatic  melanoma 
after  CTLA-4  or  BRAF 
inhibitor  therapy 

370 

Results  in  167  patients  showed  higher 
ORR  in  nivolumab  arm  and  durable 
tumor  regression  as  well 

Pembrolizumab 

NCT01 295827 

1 

Dose  finding  and  dose 
expansion 

Advanced  melanoma 
including  CTLA4  treated 
patients 

135 

ORR  =  38%.  No  difference  in  response 
between  ipilimumab  naive  and 
refractory.  Acceptable  safety  profile 
and  slightly  better  responses  in  the 
higher  dose  10  mg/kg  arm 

NCT01 295827 

1 

Nivolumab 

2  mg/kg  versus 

10  mg/kg 

Advanced  melanoma 
whose  disease  progressed 
on  ipilimumab 

173 

ORR  =  26%  after  ipilimumab  therapy. 
No  difference  between  the  two  drug 
doses. 

Pidilizumab 

NCT01 435369 

II 

Pidilizumab  1.5  versus 

6  mg/kg 

Advanced  melanoma 

103 

Low  response  rate  of  5.9% 

Non-small  cell  lung  cancer 

Nivolumab 

NCT00730639 

1 

Dose  finding  and  dose 
escalation 

Advanced  malignancies 

296 

ORR  =  18.4%  in  NSCLC  cohort.  Low 
rate  of  Grade  3  SAE  =  14% 

NCT01454102 

1 

Nivolumab  +  erlotinib 

Stage  IIB/IV  NSCLC  in 

EGFR  mutated  patients 
naive  or  post  progression 

21 

ORR  =  19%  with  an  acceptable  safety 
profile 

NCT01 642004 

III 

Open-label  randomized 
nivolumab  vs  docetaxel 

Metastatic  squamous  cell 
lung  cancer  after  1  line  of 
platinum  based  therapy 

272 

Superior  OS  in  the  nivolumab  arm  at 

1  year  (9.2  vs  6  mos.)  with  durable 
responses 

Pembrolizumab 

NCT01 295827 

1 

Pembrolizumab  at 

2  mg/kg  or  10  mg/kg 

Advanced  NSCLC 

282 

ORR  =  21%,  PD-L1+  tumors  had  higher 
response  rates  than  negative  tumors 

Genitourinary  malignancies 


Nivolumab 

N CTO 1354431 

II 

Nivolumab  at 

0.3  versus  2  versus 

10  mg/kg  doses 

Previously  treated  RCC 
with  VEGF  inhibitors 

168 

ORR  =  21%  across  all  3  arms  with  a 
tolerable  safety  profile.  No  dose 
response  relationship  was  response 

Pembrolizumab 

N  CT0 1848834 

lb 

Dose-finding  study 

PD-L1+  >1%  and 
advanced  urothelial 

cancer 

33 

ORR  =  24%,  with  CR  in  10%  with  an 
acceptable  safety  profile 

Other  cancers 

Nivolumab 

NCT01 592370 

1 

Dose  escalation  and 
dose  expansion 

Relapsed,  refractory 

Hodgkin  lymphoma 

23 

ORR  =  87%  with  a  PFS  at  24  weeks  of 
86%  with  an  acceptable  safety  profile. 

Nivolumab 

NCT0187651 1 

II 

Pembrolizumab  10  mg/ 
kg  q2  weeks 

Advanced  malignancies 
with  or  without  mismatch 
deficiency 

41 

IrPFS  =  78%  versus  11%  for  mismatch 
deficient  versus  proficient  colorectal 
cancers 

aCR,  Complete  response;  irPFS,  immune  related  progression-free  survival;  NSCLC,  non-small  cell  lung  cancer;  ORR,  objective  response  rate;  OS,  overall  survival,  PFS, 
progression-free  survival;  SAE,  serious  adverse  events. 
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with  grade  3/4  serious  adverse  events  (SAEs)  in  22%  of 
patients  [58] .  These  results  demonstrated  both  efficacy  and 
acceptable  safety  of  nivolumab  in  melanoma  patients.  In 
another  Phase  I  study,  prior  treatment  with  ipilimumab  or 
the  addition  of  a  peptide  vaccine  to  melanoma  antigens  did 
not  affect  responses  to  nivolumab  [59] .  These  results  sup¬ 
port  basic  research  data  showing  that  the  immune  check¬ 
points,  CTLA-4  and  PD-1,  signal  through  mechanistically 
distinct  pathways  [15].  A  randomized  Phase  III  trial 
0 n  =  418)  compared  nivolumab  at  3  mg/kg  every  2  weeks 
(n  =  210)  with  dacarbazine  (chemotherapy)  in  BRAF-neg- 
ative  previously  untreated  metastatic  melanoma  [60].  The 
ORR  (40%  vs  13.9%),  progression-free  survival  (PFS) 
(5.1  vs  2.2  months),  and  OS  at  1  year  (72.9%  vs  42.1%) 
were  significantly  better  in  the  nivolumab  arm  compared 
to  dacarbazine.  Moreover,  grade  3/4  adverse  effects  were 
slightly  reduced  in  the  nivolumab  arm  (11.7  vs  17.6%)  and 
immunological  adverse  events  occurred  in  1-2%  of 
patients.  In  another  open-label  Phase  III  study,  patients 
with  metastatic  melanoma  who  progressed  on  ipilimumab 
were  randomized  to  nivolumab  or  to  the  investigators’ 
choice  of  chemotherapy.  The  ORR  was  higher  in  the  nivo¬ 
lumab  arm  (32%  vs  11%),  with  durable  tumor  regression  in 
responders  [61].  Based  on  these  results,  nivolumab  re¬ 
ceived  FDA  approval  in  December  2014  for  patients  with 
melanoma  who  were  previously  treated  with  ipilimumab 
or  a  BRAF  inhibitor.  Recently  in  a  Phase  I  study  the 
combination  of  two  immune  checkpoint  inhibitors,  ipilimu- 
mab  and  nivolumab,  was  safe  and  produced  superior 
responses  than  ipilimumab  alone  for  the  upfront  treatment 
of  metastatic  melanoma  [62], 

Pembrolizumab  was  studied  in  a  dose-escalation  study 
with  a  dose  range  of  1-10  mg/kg  in  135  patients  with 
refractory  melanoma,  some  of  whom  received  prior  ipili¬ 
mumab  treatment  [63] .  The  ORR  was  38%  and  grade  3/4 
adverse  events  were  present  in  13%  of  patients;  there  was 
no  difference  between  ipilimumab-naive  and  refractory 
patients.  Based  on  these  safety  data  KEYNOTE-001,  an 
open-label  trial,  tested  pembrolizumab  in  two  doses  at 
2  mg/kg  or  10  mg/kg  after  progression  on  ipilimumab 
and  BRAF  or  MEK  inhibitors,  in  BRAF-mutant  tumors 
[64],  173  patients  with  metastatic  melanoma  received 
pembrolizumab  and  the  ORR  was  26%  in  both  groups 
and  grade  3  to  4  SAEs  were  reported  as  12%.  The  safety 
and  efficacy  of  the  2  mg/kg  and  the  10  mg/kg  doses  were 
comparable  with  no  significant  benefit  of  the  increased 
dose.  Pembrolizumab  was  granted  breakthrough  status 
by  the  FDA  for  the  treatment  of  ipilimumab-  or  BRAF 
inhibitor-refractory  metastatic  melanoma  patients. 

Non-small  cell  lung  cancer 

In  non-small  cell  lung  cancer  (NSCLC),  PD-1  is  expressed 
in  35%  of  TILs  and  PD-L1  is  expressed  20-25%  of  lung 
cancer  specimens.  Constitutive  oncogenic  signaling 
through  the  PI3K  or  EGFR  pathway  [37,38]  or  cytokine 
secretion  by  lymphocytes  leads  to  activation  of  the  PD-1/ 
PD-L1  pathway  in  NSCLC  [65]. 

Nivolumab  was  first  tested  in  a  dose-escalation  Phase  I 
trial  of  refractory  malignancies  of  whom  129  had  metastatic 
NSCLC  [66,67],  The  ORR  in  NSCLC  was  18%  with  33%  of 
squamous  and  12%  of  non-squamous  cancers  responding. 


The  OS  at  1  year  was  42%  and  the  median  duration  of 
response  was  74  weeks  and  a  sustained  response  of  >24 
weeks  was  seen  in  57%  of  patients.  Grade  3/4  toxicities  were 
present  in  only  6%  of  patients  and  pneumonitis  occurred  in 
7%  of  patients.  Pneumonitis  is  a  concern  in  these  patients  as 
they  already  can  have  poor  lung  reserve.  Nivolumab  was 
approved  by  the  FDA  for  treatment  of  squamous  NSCLC 
after  progression  on  a  platinum-based  chemotherapy  regi¬ 
men.  This  approval  was  based  on  the  results  of  an  open- 
label,  multicenter,  randomized  trial  of  272  patients  with 
metastatic  squamous  NSCLC  who  were  randomized  to 
docetaxel  or  nivolumab  at  3  mg/kg  every  2  weeks  [68] .  There 
was  a  significant  improvement  in  median  OS  of  9.2  (nivo¬ 
lumab)  versus  6  months  (docetaxel)  seen  for  patients  receiv¬ 
ing  nivolumab.  This  represents  a  significant  improvement 
for  patients  with  squamous  NSCLC  whose  treatment 
options  are  limited. 

Pembrolizumab,  in  a  pooled  analysis  of  262  relapsed 
NSCLC  patients  (KEYNOTE-001),  had  an  ORR  of  21%  as  a 
single  agent,  and  results  were  similar  in  patients  with 
squamous  or  non-squamous  histology  [69] .  In  patients  with 
strong  PD-L1  expression  (>50%)  the  ORR  was  39%  and 
16%  in  weak/negative  expression  suggesting  that  PD-L1 
alone  cannot  be  used  as  a  biomarker  to  select  patients.  The 
FDA  granted  breakthrough  status  for  pembrolizumab  in 
lung  cancer  in  October  2014. 

Genitourinary  malignancies 

In  renal  cell  cancer,  increased  TILs  along  with  high  PD-L1 
expression  in  the  initial  biopsy  is  associated  with  shorter 
survival  in  patients  treated  with  tyrosine  kinase  inhibitors 
(TKIs)  for  metastatic  disease  [70].  Similarly,  high  PD-L1 
expression  is  associated  with  failure  of  response  to  Bacillus 
Calmette  Guerin  (BCG)  for  localized  bladder  cancer  by 
neutralizing  the  T  cell  response  to  BCG  immunotherapy 

[71] .  These  data  suggest  that  the  PD-1  axis  contributes  to 
resistant  disease  in  urothelial  malignancies. 

Nivolumab  was  tested  in  a  dose-escalation  Phase  I  trial 
of  patients  with  refractory  malignancies  of  whom  33  had 
metastatic  renal  cell  cancer  with  an  ORR  of  27%  [66].  In  a 
Phase  II  trial  of  168  clear  cell  renal  cell  cancer  (RCC) 
patients,  nivolumab  was  tested  at  three  doses  of  0.3,  2, 
or  10  mg/kg  and  the  median  OS  was  18.2,  25.5,  and 
24.7  months,  respectively,  which  was  higher  than  the 
historical  OS  rates  of  11-16.5  months  in  this  cancer 

[72] .  As  a  result,  a  Phase  III  randomized  study  evaluating 
nivolumab  and  everolimus  as  a  second-line  therapy  for 
metastatic  RCC  is  underway. 

Pembrolizumab  was  similarly  tested  in  the  KEYNOTE- 
012  study  in  33  patients  with  metastatic  urothelial  cancer 
at  10  mg/kg  and  the  ORR  was  24.1%  with  a  median  OS  of 
9.3  months  [73].  These  studies  show  favorable  efficacy  and 
acceptable  safety  of  PD-1  inhibitors  in  bladder  and  renal 
cancers  and  are  highly  likely  to  move  forward  in  clinical 
trials. 

Other  tumors:  Colon  cancer,  Hodgkin  lymphoma 
Hodgkin  lymphoma  is  a  B  cell  tumor  in  which  the  PD-l/PD- 
L1  axis  is  activated  by  JAK  signaling  and  chromosomal 
amplifications  in  the  9p24.1  region  which  codes  for  the  PD- 
L1/PD-L2  ligands.  In  an  ongoing  Phase  I  study  of 
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Table  2.  Clinical  trials  of  antibodies  to  PD-L1a 


Drug 

NCT 

Phase 

Design 

Population 

l  n 

Key  findings/conclusions 

Unselected 

BMS-936559 

NCT00729664 

1 

Dose  escalation  and 
dose  expansion 

Advanced  refractory 
malignancies 

207 

ORR:  6-17%  and  PFS:  12-41%  at 

24  weeks.  Acceptable  safety  profile. 

Positive  signal  in  melanoma,  renal 
cell  cancer,  NSCLC  and  ovarian 
cancer  with  durable  responses 

MPDL3280A 

NCT01 375842 

1 

Dose  escalation  and 
dose  expansion 

Advanced  solid 

tumor  cancers 

171 

ORR  =  21%  with  an  acceptable  safety 
profile.  PD-L1+  status  resulted  in  higher 
responses.  No  pneumonitis  related  deaths 

Genitourinary  malignancies 

MPDL3280A 

NCT01 375842 

1 

Dose  escalation  and 
dose  expansion 

Metastatic  urothelial 

bladder  cancer 

31 

ORR  =  50%  with  treatment  response 
showing  increase  in  CD8+Ki67+  T  cells 

Non-small  cell  lung  cancer 

MEDI4736 

NCT01 693562 

1 

Dose  escalation  and 
dose  expansion 

Advanced  NSCLC 

13 

ORR  =  5/13  patients  responded.  No 
grade  3  pneumonitis  observed 

aCR,  complete  response;  NSCLC,  non-small  cell  lung  cancer;  ORR,  objective  response  rate;  OS,  overall  Survival;  PFS,  progression-free  survival;  SAE,  serious  adverse  events. 


23  patients  with  relapsed  Hodgkin  lymphoma,  the  ORR 
was  87%  with  a  17%  complete  response  rate  [74],  A  recent 
Phase  2  study  in  colon  cancer  showed  that  immune-related 
progression-free  survival  rates  were  superior  in  mismatch- 
deficient  compared  to  mismatch-proficient  colon  cancers 
(78  vs  11%)  [46].  These  studies  show  that  these  agents  are 
likely  to  be  effective  across  a  wide  variety  of  malignancies. 

Anti-PD-LI  inhibitors  in  cancer  therapy 

Antibodies  against  PD-L1  act  by  blocking  the  interaction  of 
PD-L1  with  PD-1  but  do  not  block  the  interaction  of  PD-1 
with  PD-L2.  This  may  help  to  decrease  toxicity  since  the 
PD-1/PD-L2  pathway  still  plays  a  role  in  peripheral  toler¬ 
ance.  The  three  therapeutic  monoclonal  antibodies  against 
PD-L1  are  BMS-986559  (MDX-1105),  MPDL3280A,  and 
MEDI4736  and  are  in  various  phases  of  clinical  trials.  We 
briefly  discuss  here  the  clinical  trials  with  these  agents 
(Table  2). 

BMS-936559  was  first  tested  in  a  multicenter  Phase  I 
dose-escalation  trial  (0.3  to  10  mg/kg  every  14  days  in 
6  week  cycles)  in  patients  with  refractory  malignancies 

[75] ,  including  melanoma,  NSCLC,  colorectal,  renal  cell, 
ovarian,  pancreatic,  and  breast  cancer  ( n  =  207).  The  me¬ 
dian  duration  of  therapy  was  12  weeks  (range,  2  to  111)  and 
SAEs  occurred  in  9%  of  patients.  Patients  with  melanoma 
(9/52),  renal  cell  (2/17),  NSCLC  (5/49),  and  ovarian  cancer 
(1/17)  had  responses,  and  half  of  these  responses  were 
sustained  for  more  than  1  year.  It  is  currently  not  being 
developed  as  a  clinical  agent  in  malignancies  despite  its 
initial  promise. 

MPDL3280A  is  a  bioengineered  anti-PD-Ll  antibody 
with  minimal  ADCC  and  CDC  activity.  In  a  Phase  I  dose- 
escalation  trial  of  advanced  solid  tumors,  no  maximum 
tolerated  dose  (MTD)  was  defined  at  escalating  doses 

[76] .  The  ORR  was  21%,  24  week  PFS  was  44%  and 
patients  with  PD-Ll-positive  tumors  had  a  higher  ORR 
(39%)  than  those  with  negative  tumors  (13%).  Interesting¬ 
ly,  there  was  no  grade  3-5  pneumonitis  or  diarrhea  in  this 
small  study,  suggesting  that  the  PD-L2  pathway  (not 
inhibited  by  the  anti-PD-Ll  antibodies)  could  be  important 
in  minimizing  toxicity.  Further,  in  a  Phase  I  study  of 
urothelial  cancer  MPDL3280A  showed  significant  activity 
(ORR  26%)  with  a  good  duration  of  response  [77].  Based  on 


these  data,  MPDL3208A  received  breakthrough  status  for 
bladder  and  NSCLC. 

MEDI4736  is  an  IgGl  monoclonal  antibody  against  PD- 
L1  that  is  being  tested  in  an  ongoing  Phase  I  trial  in 
NSCLC  patients  and  shows  preliminary  clinical  activity 
with  a  favorable  toxicity  profile  [78].  Based  on  the  Phase  I 
results,  a  Phase  III  trial  in  patients  with  locally  advanced 
NSCLC  is  being  planned. 

Concluding  remarks 

Under  physiological  conditions  the  PD-1  pathway  is  im¬ 
portant  for  maintaining  peripheral  immune  tolerance. 
This  pathway  represents  one  of  the  many  redundant  path¬ 
ways  to  prevent  inappropriate  immune  responses.  Such 
redundant  coinhibitory  pathways  are  exploited  by  tumors 
and  chronic  viral  infections  to  cause  T  cell  exhaustion, 

Box  1.  Outstanding  questions 

Biomarkers  of  response 

•  Although  therapies  targeting  PD-1  and  PD-L1  are  highly  effective 
when  they  work,  their  current  response  rates  leave  much  to  be 
desired.  Understanding  what  factors  determine  if  a  patient  will 
respond  is  a  crucial  next  step  to  advancing  the  use  of  these 
therapies.  Predictors  of  response  to  immune  checkpoint  inhibitors 
could  be  related  to  tumor-associated  factors  or  host  factors.  Tumor 
expression  of  PD-L1,  specific  mutations  in  the  tumor,  and  the 
presence  of  tumor  antigen-specific  T  cells  are  all  examples  of 
potential  biomarkers  currently  being  assessed.  For  example,  PD- 
L1  expression  will  likely  be  a  useful  biomarker  because  patients 
with  PD-L1  expression  appear  to  have  a  higher  response  to  anti-PD- 
1  therapy  than  those  without  [34],  In  a  retrospective  analysis,  NRAS 
mutant  melanoma  had  a  higher  response  rate  to  anti-PD-1  therapy 
[39].  CD8+,  PD-1+,  and  PD-L1+  cells  in  the  tumor  margins  correlate 
with  response  to  anti-PD-1  therapy  in  melanoma  [34],  A  highly 
restricted  TCR  repertoire  also  correlated  positively  with  responses. 

In  NSCLC,  higher  nonsynonymous  mutational  burden  leading  to 
increased  neoantigens  was  associated  with  better  responses  to 
pembrolizumab  [79].  Similarly,  mismatch  repair-deficient  colon 
cancers  which  have  a  higher  somatic  mutational  burden  re¬ 
sponded  better  to  anti-PD-1  therapy  [46].  In  summary,  there  are 
clearly  a  variety  of  factors  that  control  whether  a  patient  will 
respond  well  to  these  therapies.  Current  and  future  work  will 
address  what  these  markers  are  and  their  relative  importance.  This 
work  will  be  important  not  only  for  guiding  therapeutic  choices  in 
patient  treatment  but  also  for  finding  strategies  to  enhance  re¬ 
sponses  in  patients  treated  with  these  drugs. 
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which  results  in  tumor  immune  evasion  and  decreased 
viral  clearance.  Recent  therapeutic  advances  targeting  this 
pathway  have  met  with  good  success  in  human  cancers. 
More  importantly,  these  treatments  can  provide  durable 
responses.  It  remains  to  be  seen  whether  combinatorial 
approaches  with  radiation,  chemotherapy,  other  coinhibi- 
tory  antibodies,  or  vaccines  can  improve  the  response  rate 
in  cancers.  Predictive  biomarkers  need  to  be  developed  to 
identify  short-  and  long-term  responders  to  immunothera¬ 
py  (Box  1).  Different  cancers  may  result  in  different  mech¬ 
anisms  of  PD-1/PD-L1  expression,  and  hence  a  single 
biomarker  may  not  be  useful  across  all  tumor  types.  Tu¬ 
mor-related  factors  include  specific  oncogenic  pathway 
activations,  mutational  burden,  and  PD-L1  expression, 
while  host  factors  could  be  the  presence  of  prior  infections 
or  vaccinations.  Bioinformatics  and  immunogenetic 
approaches  will  be  necessary  to  identify  relevant  tumor- 
associated  antigens  to  which  cytotoxic  T  cells  respond  or 
maintain  response  after  immune  checkpoint  inhibitors. 

Acknowledgments 

J.M.C.  is  supported  by  National  Institutes  of  Health  (NIH) 
T32GM007288.  X.Z.  is  supported  by  NIH  R01CA175495,  Department  of 
Defense  Established  Investigator  Idea  Development  Award  PC131008, 
and  the  Dr  Louis  Sklarow  Memorial  Trust. 

References 

1  Ishida,  Y.  et  al.  (1992)  Induced  expression  of  PD-1,  a  novel  member  of 
the  immunoglobulin  gene  superfamily,  upon  programmed  cell  death. 
EMBO  J.  11,  3887-3895 

2  Freeman,  G.J.  et  al.  (2000)  Engagement  of  the  PD-1  immunoinhibitory 
receptor  by  a  novel  B7  family  member  leads  to  negative  regulation  of 
lymphocyte  activation.  J.  Exp.  Med.  192,  1027-1034 

3  Latchman,  Y.  et  al.  (2001)  PD-L2  is  a  second  ligand  for  PD-1  and 
inhibits  T  cell  activation.  Nat.  Immunol.  2,  261-268 

4  Yamazaki,  T.  et  al.  (2002)  Expression  of  programmed  death  1  ligands 
by  murine  T  cells  and  APC.  J.  Immunol.  169,  5538-5545 

5  Agata,  Y.  et  al.  (1996)  Expression  of  the  PD-1  antigen  on  the  surface  of 
stimulated  mouse  T  and  B  lymphocytes.  Int.  Immunol.  8,  765—772 

6  Barber,  D.L.  et  al.  (2006)  Restoring  function  in  exhausted  CD8  T  cells 
during  chronic  viral  infection.  Nature  439,  682—687 

7  Dong,  H.  et  al.  (1999)  B7-H1,  a  third  member  of  the  B7  family,  co¬ 
stimulates  T-cell  proliferation  and  interleukin- 10  secretion.  Nat.  Med. 
5, 1365-1369 

8  Tseng,  S.Y.  et  al.  (2001)  B7-DC,  a  new  dendritic  cell  molecule  with 
potent  costimulatory  properties  for  T  cells.  J.  Exp.  Med.  193,  839-846 

9  Butte,  M.J.  et  al.  (2007)  Programmed  death- 1  ligand  1  interacts 
specifically  with  the  B7-1  costimulatory  molecule  to  inhibit  T  cell 
responses.  Immunity  27,  111-122 

10  Xiao,  Y.  et  al.  (2014)  RGMb  is  a  novel  binding  partner  for  PD-L2  and  its 
engagement  with  PD-L2  promotes  respiratory  tolerance.  J.  Exp.  Med. 
211,  943-959 

11  Keir,  M.E.  et  al.  (2006)  Tissue  expression  of  PD-L1  mediates  peripheral 
T  cell  tolerance.  J.  Exp.  Med.  203,  883-895 

12  Scandiuzzi,  L.  et  al.  (2014)  Tissue-expressed  B7-H1  critically  controls 
intestinal  inflammation.  Cell  Rep.  6,  625-632 

13  Francisco,  L.M.  et  al.  (2010)  The  PD-1  pathway  in  tolerance  and 
autoimmunity.  Immunol.  Rev.  236,  219-242 

14  Yokosuka,  T.  et  al.  (2012)  Programmed  cell  death  1  forms  negative 
costimulatory  microclusters  that  directly  inhibit  T  cell  receptor 
signaling  by  recruiting  phosphatase  SHP2  .J. Exp. Med.  209, 1201-1217 

15  Parry,  R.V.  et  al.  (2005)  CTLA-4  and  PD-1  receptors  inhibit  T-cell 
activation  by  distinct  mechanisms.  Mol.  Cell.  Biol.  25,  9543-9553 

16  Sheppard,  K.A.  et  al.  (2004)  PD-1  inhibits  T-cell  receptor  induced 
phosphorylation  of  the  ZAP70/CD3zeta  signalosome  and 
downstream  signaling  to  PKCtheta.  FEBS  Lett.  574,  37-41 

17  Patsoukis,  N.  et  al.  (2012)  Selective  effects  of  PD-1  on  Akt  and  Ras 
pathways  regulate  molecular  components  of  the  cell  cycle  and  inhibit  T 
cell  proliferation.  Sci.  Signal.  5,  ra46 


18  Chemnitz,  J.M.  et  al.  (2004)  SHP-1  and  SHP-2  associate  with 
immunoreceptor  tyrosine-based  switch  motif  of  programmed  death 
1  upon  primary  human  T  cell  stimulation,  but  only  receptor  ligation 
prevents  T  cell  activation.  J.  Immunol.  173,  945-954 

19  Staron,  M.M.  et  al.  (2014)  The  transcription  factor  FoxOl  sustains 
expression  of  the  inhibitory  receptor  PD-1  and  survival  of  antiviral 
CD8+  T  cells  during  chronic  infection.  Immunity  41,  802-814 

20  Francisco,  L.M.  et  al.  (2009)  PD-L1  regulates  the  development, 
maintenance,  and  function  of  induced  regulatory  T  cells.  J.  Exp. 
Med.  206,  3015-3029 

21  Haxhinasto,  S.  et  al.  (2008)  The  AKT-mTOR  axis  regulates  de  novo 
differentiation  of  CD4+Foxp3+  cells.  J.  Exp.  Med.  205,  565-574 

22  Patsoukis,  N.  et  al.  (2015)  PD-1  alters  T-cell  metabolic  reprogramming 
by  inhibiting  glycolysis  and  promoting  lipolysis  and  fatty  acid 
oxidation.  Nat.  Commun.  6,  6692 

23  Quigley,  M.  et  al.  (2010)  Transcriptional  analysis  of  HIV-specific  CD8+ 
T  cells  shows  that  PD-1  inhibits  T  cell  function  by  upregulating  BATF. 
Nat.  Med.  16,  1147-1151 

24  Hofmeyer,  K.A.  et  al.  (2011)  The  PD-1/PD-L1  (B7-H1)  pathway  in 
chronic  infection-induced  cytotoxic  T  lymphocyte  exhaustion.  J. 
Biomed.  Biotechnol.  2011,  451694 

25  Kao,  C.  et  al.  (2011)  Transcription  factor  T-bet  represses  expression  of 
the  inhibitory  receptor  PD-1  and  sustains  virus-specific  CD8+  T  cell 
responses  during  chronic  infection.  Nat.  Immunol.  12,  663-671 

26  Youngblood,  B.  et  al.  (2011)  Chronic  virus  infection  enforces 
demethylation  of  the  locus  that  encodes  PD-1  in  antigen-specific 
CD8+  T  cells.  Immunity  35,  400-412 

27  Lu,  P.  et  al.  (2014)  Blimp-1  represses  CD8  T  cell  expression  of  PD-1 
using  a  feed-forward  transcriptional  circuit  during  acute  viral 
infection.  J.  Exp.  Med.  211,  515-527 

28  Ohaegbulam,  K.C.  et  al.  (2015)  Human  cancer  immunotherapy  with 
antibodies  to  the  PD-1  and  PD-L1  pathway.  Trends  Mol.  Med.  21,  24—33 

29  Pauken,  K.E.  et  al.  (2015)  Overcoming  T  cell  exhaustion  in  infection 
and  cancer.  Trends  Immunol.  36,  265—276 

30  Kinter,  A.L.  et  al.  (2008)  The  common  gamma-chain  cytokines  IL-2,  IL- 
7,  IL-15,  and  IL-21  induce  the  expression  of  programmed  death-1  and 
its  ligands.  J.  Immunol.  181,  6738-6746 

31  Austin,  J.W.  et  al.  (2014)  STAT3,  STAT4,  NFATcl,  and  CTCF  regulate 
PD-1  through  multiple  novel  regulatory  regions  in  murine  T  cells.  J. 
Immunol.  192,  4876—4886 

32  Oestreich,  K.J.  et  al.  (2008)  NFATcl  regulates  PD-1  expression  upon  T 
cell  activation.  J.  Immunol.  181,  4832—4839 

33  McPherson,  R.C.  et  al.  (2014)  Epigenetic  modification  of  the  PD-1 
(Pdcdl)  promoter  in  effector  CD4+  T  cells  tolerized  by  peptide 
immunotherapy.  Elife  3,  e03416 

34  Tumeh,  P.C.  et  al.  (2014)  PD-1  blockade  induces  responses  by 
inhibiting  adaptive  immune  resistance.  Nature  515,  568—571 

35  Voron,  T.  et  al.  (2015)  VEGF-A  modulates  expression  of  inhibitory 
checkpoints  on  CD8+  T  cells  in  tumors.  J.  Exp.  Med.  212,  139-148 

36  Lee,  S.J.  et  al.  (2006)  Interferon  regulatory  factor-1  is  prerequisite  to 
the  constitutive  expression  and  IFN-y-induced  upregulation  of  B7-H1 
(CD274).  FEBS  Lett.  580,  755-762 

37  Parsa,  A.T.  et  al.  (2007)  Loss  of  tumor  suppressor  PTEN  function 
increases  B7-H1  expression  and  immunoresistance  in  glioma.  Nat. 
Med.  13,  84-88 

38  Akbay,  E.  A.  et  al.  (20 13)  Activation  of  the  PD- 1  pathway  contributes  to 
immune  escape  in  EGFR-driven  lung  tumors.  Cancer  Discov.  3, 
1355-1363 

39  Johnson,  D.B.  et  al.  (2015)  Impact  of  NRAS  mutations  for  patients  with 
advanced  melanoma  treated  with  immune  therapies.  Cancer  Immunol. 
Res.  3,  288-295 

40  Atefi,  M.  et  al.  (2014)  Effects  of  MAPK  and  PI3K  pathways  on  PD-L1 
expression  in  melanoma.  Clin.  Cancer  Res.  20,  3446-3457 

41  Kakavand,  H.  et  al.  (2015)  PD-L1  expression  and  tumor-infiltrating 
lymphocytes  define  different  subsets  of  MAPK  inhibitor  treated 
melanoma  patients.  Clin.  Cancer  Res.  Published  online  January  21, 
2015.  http://dx.doi.org/10.1158/1078-0432.CCR-14-2023 

42  Noman,  M.Z.  et  al.  (2014)  PD-L1  is  a  novel  direct  target  of  HIF-la,  and 
its  blockade  under  hypoxia  enhanced  MDSC-mediated  T  cell 
activation.  J.  Exp.  Med.  211,  781-790 

43  Chen,  L.  et  al.  (2014)  Metastasis  is  regulated  via  microRNA-200/ZEBl 
axis  control  of  tumour  cell  PD-L1  expression  and  intratumoral 
immunosuppression.  Nat.  Commun.  5,  5241 


594 


Review 


Trends  in  Pharmacological  Sciences  September  2015,  Vol.  36,  No.  9 


44  Gong,  A.Y.  et  al.  (2009)  MicroRNA-513  regulates  B7-H1  translation 
and  is  involved  in  IFN-y-induced  B7-H1  expression  in  cholangiocytes. 
J.  Immunol.  182,  1325—1333 

45  Wherry,  E.J.  (2011)  T  cell  exhaustion.  Nat.  Immunol.  12,  492-499 

46  Blackburn,  S.D.  et  al.  (2009)  Coregulation  of  CD8+  T  cell  exhaustion  by 
multiple  inhibitory  receptors  during  chronic  viral  infection.  Nat. 
Immunol.  10,  29—37 

47  Kostense,  S.  et  al.  (2001)  High  viral  burden  in  the  presence  of  major 
HIV-specific  CD8+  T  cell  expansions:  evidence  for  impaired  CTL 
effector  function.  Eur.  J.  Immunol.  31,  677-686 

48  Schlaak,  J.F.  et  al.  (1999)  The  presence  of  high  amounts  of  HBV-DNA 
in  serum  is  associated  with  suppressed  costimulatory  effects  of 
interleukin  12  on  HBV-induced  immune  response.  J.  Hepatol.  30, 
353-358 

49  Wedemeyer,  H.  et  al.  (2002)  Impaired  effector  function  of  hepatitis  C 
virus-specific  CD8+  T  cells  in  chronic  hepatitis  C  virus  infection.  J. 
Immunol.  169,  3447—3458 

50  Sangro,  B.  et  al.  (2013)  A  clinical  trial  of  CTLA-4  blockade  with 
tremelimumab  in  patients  with  hepatocellular  carcinoma  and 
chronic  hepatitis  C.  J.  Hepatol.  59,  81-88 

51  Gardiner,  D.  et  al.  (2013)  A  randomized,  double-blind,  placebo- 
controlled  assessment  of  BMS-936558,  a  fully  human  monoclonal 
antibody  to  programmed  death-1  (PD-1),  in  patients  with  chronic 
hepatitis  C  virus  infection.  PLoS  ONE  8,  e63818 

52  Ribas,  A.  et  al.  (2005)  Antitumor  activity  in  melanoma  and  anti-self 
responses  in  a  phase  I  trial  with  the  anti-cytotoxic  T  lymphocyte- 
associated  antigen  4  monoclonal  antibody  CP-675,206.  J.  Clin. 
Oncol.  23,  8968-8977 

53  Hodi,  F.S.  et  al.  (2010)  Improved  survival  with  ipilimumab  in  patients 
with  metastatic  melanoma.  N.  Engl.  J.  Med.  363,  711-723 

54  Wong,  R.M.  et  al.  (2007)  Programmed  death-1  blockade  enhances 
expansion  and  functional  capacity  of  human  melanoma  antigen- 
specific  CTLs.  Int.  Immunol.  19,  1223-1234 

55  Chen,  D.S.  et  al.  (2012)  Molecular  pathways:  next-generation 
immunotherapy-inhibiting  programmed  death-ligand  1  and 
programmed  death-1.  Clin.  Cancer  Res.  18,  6580-6587 

56  Taube,  J.M.  et  al.  (2012)  Colocalization  of  inflammatory  response  with 
B7-hl  expression  in  human  melanocytic  lesions  supports  an  adaptive 
resistance  mechanism  of  immune  escape.  Sci.  Transl.  Med.  4, 127ral37 

57  Robert,  C.  et  al.  (2011)  Ipilimumab  plus  dacarbazine  for  previously 
untreated  metastatic  melanoma.  N.  Engl.  J.  Med.  364,  2517-2526 

58  Topalian,  S.L.  et  al.  (2014)  Survival,  durable  tumor  remission,  and 
long-term  safety  in  patients  with  advanced  melanoma  receiving 
nivolumab.  J.  Clin.  Oncol.  32,  1020-1030 

59  Weber,  J.S.  et  al.  (2013)  Safety,  efficacy,  and  biomarkers  of  nivolumab 
with  vaccine  in  ipilimumab-refractory  or  -naive  melanoma.  J.  Clin. 
Oncol.  31,  4311-4318 

60  Robert,  C.  et  al.  (2015)  Nivolumab  in  previously  untreated  melanoma 
without  BRAF  mutation.  N.  Engl.  J.  Med.  372,  320-330 

61  Weber,  J.S.  et  al.  (2015)  Nivolumab  versus  chemotherapy  in  patients 
with  advanced  melanoma  who  progressed  after  anti-CTLA-4 
treatment  (CheckMate  037):  a  randomised,  controlled,  open-label, 
phase  3  trial.  Lancet  Oncol.  16,  375-384 


62  Postow,  M.A.  et  al.  (2015)  Nivolumab  and  ipilimumab  versus 
ipilimumab  in  untreated  melanoma.  N.  Engl.  J.  Med.  372,  2006—2017 

63  Hamid,  O.  et  al.  (2013)  Safety  and  tumor  responses  with 
lambrolizumab  (anti-PD-1)  in  melanoma.  N.  Engl.  J.  Med.  369, 
134-144 

64  Robert,  C.  et  al.  (2014)  Anti-programmed-death-receptor-1  treatment 
with  pembrolizumab  in  ipilimumab-refractory  advanced  melanoma:  a 
randomised  dose-comparison  cohort  of  a  phase  1  trial.  Lancet  384, 
1109-1117 

65  Pardoll,  D.M.  (2012)  The  blockade  of  immune  checkpoints  in  cancer 
immunotherapy.  Nat.  Rev.  Cancer  12,  252-264 

66  Topalian,  S.L.  et  al.  (2012)  Safety,  activity,  and  immune  correlates  of 
anti-PD-1  antibody  in  cancer.  N.  Engl.  J.  Med.  366,  2443-2454 

67  Brahmer,  J.R.  et  al.  (2010)  Phase  I  study  of  single-agent  anti¬ 
programmed  death-1  (MDX-1106)  in  refractory  solid  tumors:  safety, 
clinical  activity,  pharmacodynamics,  and  immunologic  correlates.  J. 
Clin.  Oncol.  28,  3167-3175 

68  Brahmer,  J.  et  al.  (2015)  Nivolumab  versus  docetaxel  in  advanced 
squamous-cell  non-small-cell  lung  cancer.  N.  Engl.  J.  Med.  Published 
online  May  31,  2015.  http://dx.doi.org/10.1056/NEJMoal504627 

69  Garon,  E.B.  et  al.  (2014)  Antitumor  activity  of  pembrolizumab 
(PEMBRO;  MK-3475)  and  correlation  with  programmed  death 
ligand  (PD-L1)  expression  in  a  pooled  analysis  of  patients  (pts)  with 
advanced  non  small  cell  lung  carcinoma  (NSCLC).  Ann.  Oncol.  25 
(Suppl.  5),  vl-v41 

70  Choueiri,  T.K.  et  al.  (2014)  Correlation  of  PDL1  tumor  expression  and 
treatment  outcomes  in  patients  with  renal  cell  carcinoma  (RCC) 
receiving  tyrosine  kinase  inhibitors:  COMPARZ  study  analysis. 
ASCO  Meet.  Abstracts  32,  416 

71  Inman,  B.A.  et  al.  (2007)  PD-L1  (B7-H1)  expression  by  urothelial 
carcinoma  of  the  bladder  and  BCG-induced  granulomata: 
associations  with  localized  stage  progression.  Cancer  109,  1499-1505 

72  Motzer,  R.J.  et  al.  (2015)  Nivolumab  for  metastatic  renal  cell 
carcinoma:  results  of  a  randomized  Phase  II  trial.  J.  Clin.  Oncol.  33, 
1430-1437 

73  Plimack,  E.R.  et  al.  (2014)  LBA23A  phase  lb  study  of  pembrolizumab 
(PEMBRO;  MK-3475)  in  patients  (PTS)  with  advanced  urothelial  tract 
cancer.  Ann.  Oncol.  25 

74  Ansell,  S.M.  et  al.  (2015)  PD-1  blockade  with  nivolumab  in  relapsed  or 
refractory  Hodgkin’s  lymphoma.  N.  Engl.  J.  Med.  372,  311-319 

75  Brahmer,  J.R.  et  al.  (2012)  Safety  and  activity  of  anti-PD-Ll  antibody 
in  patients  with  advanced  cancer.  N.  Engl.  J.  Med.  366,  2455-2465 

76  Herbst,  R.S.  et  al.  (2013)  A  study  of  MPDL3280A,  an  engineered  PD-L1 
antibody  in  patients  with  locally  advanced  or  metastatic  tumors.  ASCO 
Meet.  Abstracts  31,  3000 

77  Powles,  T.  et  al.  (2014)  Inhibition  of  PD-L1  by  MPDL3280A  and  clinical 
activity  in  pts  with  metastatic  urothelial  bladder  cancer  (UBC).  ASCO 
Meet.  Abstracts  32,  5011 

78  Brahmer,  J.R.  et  al.  (2014)  Clinical  activity  and  biomarkers  of 
MEDI4736,  an  anti-PD-Ll  antibody,  in  patients  with  NSCLC. 
ASCO  Meet.  Abstracts  32,  8021 

79  Rizvi,  N.A.  et  al.  (2015)  Mutational  landscape  determines  sensitivity  to 
PD-1  blockade  in  non-small  cell  lung  cancer.  Science  348,  124-128 


595 


Review 


For  reprint  orders,  please  contact:  reprints@futuremedicine.com 


Emerging  targets  in  cancer 
immunotherapy:  beyond  CTLA-4  and  PD-1 


3k 

Immunotherapy 


Manipulation  of  co-stimulatory  or  co-inhibitory  checkpoint  proteins  allows  for  the 
reversal  of  tumor-induced  T-cell  anergy  observed  in  cancer.  The  field  has  gained 
credence  given  success  with  CTLA-4  and  PD-1  inhibitors.  These  molecules  include 
immunoglobulin  family  members  and  the  B7  subfamily  as  well  as  the  TNF  receptor 
family  members.  PD-L1  inhibitors  and  LAG-3  inhibitors  have  progressed  through 
clinical  trials.  Other  B7  family  members  have  shown  promise  in  preclinical  models. 
TNFR  superfamily  members  have  shown  variable  success  in  preclinical  and  clinical 
studies.  As  clinical  investigation  in  tumor  immunology  gains  momentum,  the  next 
stage  becomes  learning  how  to  combine  checkpoint  inhibitors  and  agonists  with  each 
other  as  well  as  with  traditional  chemotherapeutic  agents. 

Keywords:  B7  family  •  checkpoint  proteins  •  immunotherapy  •  TNFR  superfamily 


•  translational  medicine 

One  of  the  hallmarks  of  cancer  is  the  abil¬ 
ity  of  the  malignant  cell  to  escape  eradication 
by  the  immune  system  [1] .  Proposed  over  a 
century  ago,  the  concept  of  immune  con¬ 
trol  of  cancer  continues  to  develop  [2,3].  The 
existence  of  tumor  antigens  led  Burnett  and 
Thomas  to  form  their  hypothesis  about  can¬ 
cer  immune  surveillance  where  the  adaptive 
immune  system  was  responsible  for  prevent¬ 
ing  the  development  of  cancer  in  immuno¬ 
competent  hosts.  This  hypothesis  fell  out  of 
favor  until  the  1990s  when  improved  mouse 
models  of  immunodeficiency  were  developed 
and  particularly  when  the  role  of  IFN-y  in 
promoting  immune-mediated  rejection  of 
transplanted  tumor  in  mice  [4] . 

Tumors  are  variably  infiltrated  by  cyto¬ 
toxic  T  lymphocytes  (CTLs),  but  a  dense 
infiltration  portends  a  better  prognosis  [5-7]. 
The  T-cell  response  follows  a  complex  inter¬ 
action  between  an  antigen-presenting  cell 
(APC)  and  a  T  cell.  TCR  recognition  of 
an  antigen  on  MHC  molecule  is  not  suffi¬ 
cient,  a  second  signal  provided  by  a  member 
of  the  B7  family  is  required  [8].  CD28  pro¬ 
vides  the  primary  co-stimulatory  signal  for 


the  activation  of  T  cells  after  it  engages  B7-1 
(CD80)  or  B7-2  (CD86)  [9].  CTLA-4  is  a 
CD28  homologue  that  interacts  with  B7-1 
and  B7-2  and,  in  contrast  to  CD28,  provides 
an  inhibitory  signal  [10,11] .  Newly  identified 
members  of  the  B7  family  also  provide  inhib¬ 
itory  signals  the  roles  of  which  continue  to 
be  explored  [12].  Blocking  CTLA-4  mediated 
inhibition  of  the  T-cell  effector  response  has 
been  an  attractive  therapeutic  target.  Mono¬ 
clonal  antibodies  (mAh)  that  block  CTLA-4 
are  effective  in  mouse  models  of  a  variety  of 
tumors  [13-15].  Ipilumumab  (Yervoy®)  is  US 
FDA  approved  for  the  treatment  of  meta¬ 
static  malignant  melanoma  and  represents 
the  first  success  story  of  T-cell  checkpoint 
inhibitor  immunotherapy  [16]. 

A  more  recent  success  story  in  cancer 
immunology  is  that  of  PD-1.  PD-1  was  first 
identified  in  lymphoid  cells  lines  induced  to 
undergo  programmed  cell  death  [17].  Later 
reports  noted  that  PD-1  is  expressed  on  acti¬ 
vated  T  and  B  cells,  dendritic  cells  (DCs) 
and  monocytes  upon  stimulation  where  it  is 
found  to  play  an  inhibitory  role  [18-20].  PD-1 
is  highly  expressed  on  T  cells  and  leads  to 
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T  cell  exhaustion  [21,22].  PD-1  expression  is  also  noted 
on  CD4+  Foxp3+  regulatory  T  cells  (Tregs)  where  it 
contributes  to  their  inhibitory  role  [23].  Several  mAbs 
targeting  PD-1  have  progressed  through  clinical  tri¬ 
als.  The  first  FDA  approved  mAh  was  pembroli- 
zumab  (Keytruda®),  also  known  as  lambrolizumab 
after  showing  response  rates  in  melanoma  patients 
who  have  progressed  after  first  line  therapy  including 
immunotherapy  with  ipilimumab  (KEYNOTE-OOl 
trial)  or  in  comparison  to  investigator-choice  chemo¬ 
therapy  (KEYNOTE-002)  [24,25].  The  second  PD-1 
targeting  mAh  to  receive  FDA  approval  was  nivolumab 
(Opdivo®).  It  was  well  tolerated  in  Phase  I  studies  in 
solid  tumors  as  well  as  lymphomas  [26-30].  Similar  to 
pembrolizumab,  nivolumab  was  shown  to  be  superior 
to  chemotherapy  in  the  second  line  setting  in  mela¬ 
noma  in  the  Phase  III  CheckMate-037  trial  [31,32]. 
Nivolumab  yielded  better  survival  and  higher  response 
rated  in  comparison  to  docetaxel  in  the  treatment  of 
advanced  squamous  non-small-cell  lung  cancer  [33]. 
Other  PD-1  mAbs  include  pidilizumab  (CT-011) 
which  was  the  first  one  to  reach  clinical  trials  and 
remains  in  development  (studies  reviewed  in  [34])  and 
more  recently  MEDI0680  which  is  entering  clinical 
trials  [35,36]. 

Blocking  CTLA-4  and  PD-1  are  not  the  exclu¬ 
sive  path  toward  T-cell  £dis-inhibition’.  A  variety  of 
immunomodulatory  pathways  have  been  studied  and 
exploited  clinically  with  varying  degrees  of  success  and 
are  at  different  stages  of  clinical  development.  Other 
members  of  the  B7  family,  part  of  the  immunoglobulin 
superfamily,  include  B7x,  HHLA2  and  B7-H3  which 
play  an  inhibitory  role.  VISTA,  Tim-3  and  LAG-3  are 
members  of  the  immunoglobulin  super  family  have  also 
been  shown  to  play  an  inhibitory  role.  Immunomodu¬ 
latory  pathways  include  members  of  the  TNF  receptor 
family  and  their  ligands  which  have  been  studied  as 
targets  for  cancer  immunotherapy.  These  inhibitory 
and  stimulatory  molecules  that  have  been  studied  as 
therapeutic  targets  are  depicted  in  Figure  1 A  &  B,  respec¬ 
tively.  Finally,  indoleamine  2,3-dioxygenase  1  inhibi¬ 
tors  have  also  been  studied  as  antitumor  therapies  as 
discussed  below. 

PD-L1  &  PD-L2 

The  first  reported  ligand  for  PD-1  is  PD-L1  (B7-H1) 
with  wide  expression  at  the  mRNA  level  in  lymphoid 
and  nonlymphoid  tissues  [37] .  It  is  a  cell  surface  protein 
that  is  expressed  on  activated  APC,  T  and  B  lympho¬ 
cytes  and  other  cells.  It  inhibits  TCR  mediated  T-cell 
proliferation  and  cytokine  production  through  the 
engagement  of  PD-1  [38].  The  PD-1/PD-L1  interac¬ 
tion  induce  T-cell  tolerance  in  lymphoid  tissue  before 
their  exit  to  the  periphery,  and  blockade  of  this  interac¬ 


tion  can  reverse  T-cell  anergy  [39] .  Additionally,  PD-L1 
expressed  on  tumor  cells  can  also  act  as  a  ligand  to 
deliver  an  anti-apoptotic  signal  that  leads  to  resistance  to 
cytolytic  function  of  CTL  as  well  as  to  Fas-induced  and 
drug-induced  apoptosis  [40] .  Another  interesting  fact  is 
that  B7-1  was  also  shown  to  interact  with  PD-L1  which 
results  in  inhibition  of  T  cells  [41,42] .  A  second  ligand 
for  PD-1  is  PD-L2  (B7-DC),  which  inhibits  TCR  medi¬ 
ated  T-cell  proliferation  and  cytokine  production  [43,44] . 
It  is  mainly  expressed  on  DCs  and  macrophages  [44,45]. 
Recently,  a  novel  binding  partner  for  PD-L2  is  identified 
named  RGMb,  which  is  important  for  the  development 
of  respiratory  immune  tolerance  [46] . 

PD-L1  is  expressed  in  a  variety  of  human  carcinoma 
specimens  as  well  as  hematological  malignancies  such 
as  multiple  myeloma,  leukemia  and  peripheral  T-cell 
lymphoma  and  has  been  correlated  to  poor  progno¬ 
sis  [8,34],  Several  mAbs  that  target  PD-L1  have  reached 
clinical  trials.  BMS-936559  is  a  fully  human  monoclo¬ 
nal  IgG4  antibody  that  blocks  PD-L1  [47].  Anti-PD-Ll 
antibodies  inhibited  tumor  growth  in  murine  synge¬ 
neic  tumor  models  with  a  durable  antitumor  immunity. 
BMS-936559  can  reverse  in  vitro  Treg  mediated  sup¬ 
pression  and  does  not  cause  antibody-dependent  cyto¬ 
toxicity  or  complement-dependent  cytotoxicity  [47]. 
The  first  clinical  trial  with  BMS-936559  also  dem¬ 
onstrated  high  tolerability  and  durable  responses  [47]. 
Other  monoclonal  anti-PD-Ll  antibodies  include 
MEDI4736  [48,49],  atezolizumab  (MPDL3280A)  which 
demonstrated  a  43%  response  rate  in  a  Phase  I  clinical 
trial  in  metastatic  urothelial  bladder  cancer  patients 
resulting  in  an  FDA  breakthrough  designation  [50], 
and  MSB0010718C  which  exhibits  antitumor  activ¬ 
ity  by  blocking  PD-L1  as  well  as  antibody-dependent 
cell-mediated  cytotoxicity  [51,52]. 

B7x  (B7-H4/B7-  SI) 

B7x  is  an  inhibitory  transmembrane  protein  that 
binds  activated  T  cells  and  is  a  member  of  the  B7  fam¬ 
ily  [53-55].  It  inhibits  CD4  and  CD  8  cell  proliferation 
and  cytokine  production  [53] .  It  is  hardly  expressed  on 
professional  APC  but  is  expressed  on  nonlymphoid  tis¬ 
sues,  mainly  epithelial  tissues  where  a  role  in  immune 
tolerance  is  postulated  [54,56-58],  It  is  expressed  in  the 
lung  epithelium  and  is  implicated  in  attenuating  the 
immune  response  to  bacterial  infection  in  mice  [56]. 
B7x  is  expressed  in  a  variety  of  human  cancers  which 
include  cancers  of  the  brain,  esophagus,  lung,  breast, 
pancreas,  kidney,  gut,  skin,  ovary  and  prostate  [59]. 
Prostate  cancer  specimens  from  patients  treated  with 
radical  prostatectomy  had  15%  prevalence  of  B7x 
expression  and  high  expression  was  significantly  asso¬ 
ciated  with  a  higher  risk  of  prostate  cancer  related 
death  [60] .  B7x  expression  in  renal  cell  carcinoma  is 


1 0.221 7/imt.l  5.78  Immunotherapy  (Epub  ahead  of  print) 


future  science  group 


Emerging  targets  in  cancer  immunotherapy:  beyond  CTLA-4  &  PD-1  Review 


Immune  cells  or  tumor  cells 


MHC 


B7-1  B7-2  ICOSL  CD137L  OX40L  CD40  CD70  GITRL  B7-H3  HHLA2 


(B)  Immune  cells  or  tumor  cells 

HHLA2  B7x  B7-H3  VISTA 


BTLA 


Tim-3 


PD-1  PD-L1  CTLA-4 


TCR 


T  cells 


Immunotherapy©  Future  Science  Group  (2015) 
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Figure  1.  Summary  representation  of  T-cell  molecules.  (A)  Summary  representation  of  T-cell  co-stimulatory 
molecules.  (B)  Summary  representation  of  T-cell  co-inhibitory  molecules. 


associated  with  adverse  clinical  and  pathological  fea¬ 
tures  as  well  as  poor  survival  [61] .  Tumor  expression  of 
B7x  in  human  gastric  cancer  predicts  poor  survival  [62] . 
Similar  findings  were  also  reported  in  studies  of  ovarian 
cancer  and  lung  cancer  [63,64],  In  a  preclinical  model, 
mouse  colon  carcinoma  cells  line  CT26  transfected 
with  murine  or  human  B7x  resulted  in  a  higher  number 
of  lung  metastasis  and  shorter  survival  [65] .  Blockade  of 
B7x  with  a  mAh  resulted  in  a  reduction  of  number  of 
lung  metastasis  in  a  CT26  as  well  as  4T1  based  mouse 
models  of  lung  metastasis  [65] .  B7x  thus  represents  a  very 
promising  target  for  cancer  immunotherapy. 

HHLA2  (B7y/B7-H5/B7H7) 

HHLA2  is  another  member  of  the  B7  family  that  mod¬ 
ulates  T-cell  function  [66,67].  It  is  expressed  on  mono¬ 


cytes  and  induced  on  CD19  positive  B  cells.  HHLA2- 
Ig  fusion  protein  bound  resting  and  activated  CD4  and 
CD8  T  cells,  as  well  as  APC.  It  was  shown  to  inhibit 
proliferation  of  CD4  and  CD8  T  cells  in  the  presence 
of  TCR  signaling  as  well  as  T-cell  cytokine  produc¬ 
tion  [66].  TMIGD2,  also  called  CD28H  or  IGPR-1, 
is  identified  as  one  of  the  receptors  for  HHLA2  [67,68]. 
IGPR-1  was  initially  reported  to  be  an  adhesion  mol¬ 
ecule  involved  in  angiogenesis  [68] .  HHLA2  expression 
in  non-lymphoid  tissues  was  limited  to  placenta,  GI 
tract,  kidney,  gallbladder  and  breast,  but  its  expres¬ 
sion  was  more  common  in  human  tumor  specimens 
including  breast,  lung,  thyroid,  melanoma,  pancreas, 
ovary,  liver,  bladder,  colon,  prostate,  kidney  and  esoph¬ 
agus  [68].  In  a  cohort  of  50  patients  with  triple  negative 
breast  cancer,  56%  of  patients  had  HHLA2  expression 
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on  their  tumors,  and  high  HHLA2  expression  was  sig¬ 
nificantly  associated  with  regional  lymph  node  metas¬ 
tasis  and  stage.  Of  interest,  increase  in  HHLA2  expres¬ 
sion  was  also  due  to  an  increase  in  gene  copy  number, 
and  not  just  stimulation  [68].  There  is  much  to  be  dis¬ 
covered  about  HHLA2  and  it  represents  a  potential 
target  for  cancer  immunotherapy. 

B7-H3 

B7-H3  was  first  identified  as  a  molecule  that  binds  a 
receptor  on  activated  T  lymphocytes  [69] .  Its  expression 
was  inducible  on  DCs  and  was  initially  thought  to  be 
costimulatory  to  T  lymphocytes  [69] .  In  vivo  studies  in 
mouse  models  showed  that  B7-H3  was  an  inhibitory 
to  T  lymphocytes  and  preferentially  inhibits  T  helper 
cells  type  1  response  [70] .  The  receptor  for  this  ligand 
is  still  unclear.  It  is  expressed  in  some  cancer  cells  and 
was  associated  with  regional  nodal  metastasis  [12,71]. 
Currently  the  majority  of  evidence  suggests  that  this 
is  a  co-inhibitory  ligand  for  T-cell  response  [72].  B7-H3 
was  found  to  be  upregulated  in  graft-versus-host  dis¬ 
ease  (GVHD)  target  organs  and  its  absence  in  B7-H3'/_ 
mice  resulted  in  augmented  GVHD  lethality  and 
T-cell  proliferation  and  function  [73].  Increased  B7-H3 
expression  in  cancer  specimens  has  been  reported  [74], 
and  has  been  correlated  to  worse  outcomes  [60,75]. 
Therefore,  B7-H3  is  another  potential  target  for  cancer 
immunotherapy. 

VISTA 

VISTA  is  a  recently  discovered  negative  modula¬ 
tor  of  the  immune  system  [76].  VISTA  is  primarily 
expressed  on  hematopoietic  cells,  including  APCs  and 
T  cells  [77].  It  is  a  suppressor  of  CD4  and  CD8  T  cells. 
In  addition,  within  the  CD4  subset,  both  effector 
and  memory  T-cells  are  effectively  suppressed.  T  cells 
cultured  with  soluble  VISTA-Ig  fusion  protein  show 
no  shift  in  expression  of  CD45RA  to  CD45RO  [77]. 
Another  notable  phenomenon  is  that,  while  it  blocks 
proliferation,  it  does  not  induce  apoptosis  and  thus  the 
cells  remain  viable.  Lastly,  the  suppressive  effect  on 
T  cells  appears  to  be  long  lasting,  even  after  VISTA 
effect  was  removed.  In  addition  to  being  immunosup¬ 
pressive  of  T  cells,  it  is  also  immuneregulatory.  Under 
neutral  conditions,  VISTA-Ig  is  capable  of  suppressing 
naive  T-cells  from  forming  Treg.  This  however  was  not 
the  case  when  the  culture  conditions  were  changed, 
and  in  the  presence  of  IL-2  and  anti-CD28  VISTA-Ig 
was  actually  able  to  increase  the  proportion  of  Treg. 
Of  note,  VISTA  does  not  appear  to  have  any  effect 
in  vitro  on  B-cell  proliferation  or  regulation.  Its  effect 
on  cytokine  production  included  reduced  levels  of 
IL-10,  IFN-y  and  TNF-a  [77].  Anti-VISTA  mAh  exac¬ 
erbate  experimental  auto-immune  encephalomyelitis 


as  well  as  enhancing  antitumor  immune  responses  [76] . 
Anti-VISTA  mAbs  are  able  to  increase  the  number  of 
tumor  specific  T  cells  in  the  periphery  and  enhance 
the  infiltration,  proliferation  and  effector  function 
of  tumor  inhitrating  lymphocytes  within  the  tumor 
microenvironment  [76].  In  a  melanoma  model,  both 
transplantable  and  inducible  cancers  are  suppressed 
effectively  with  anti-VISTA  monotherapy  [78] .  VISTA’s 
antitumor  effect  was  also  explored  in  concert  with  a 
peptide-based  cancer  vaccine  where  VISTA  blockade 
synergistically  impaired  tumor  growth. 

CD27 

CD27  is  a  T-cell  differentiation  antigen  and  mem¬ 
ber  of  the  TNFR  superfamily  [79].  It  has  increased 
membrane  expression  on  anti-CD3 -activated  T  cells. 
Agonistic  CD27  mAh  resulted  in  enhanced  prolifera¬ 
tion  of  CD3  stimulated  T  cells.  CD27  and  its  ligand 
CD70  are  thought  to  have  important  effects  on  T-cell 
function  [79].  Using  intranasal  influenza  virus  infec¬ 
tion  as  a  model  system,  CD27  has  been  shown  to  be 
a  major  determinant  of  CD8  T-cell  priming  at  the  site 
of  infection.  CD27  signaling,  along  with  other  signal¬ 
ing  including  CD28,  is  crucial  for  the  generation  of 
antigen  specific  CD8  T  cells.  Via  cell  survival  stimu¬ 
lation,  CD27  promotes  accumulation  of  activated  T 
cells  thereby  expanding  the  proportion  of  virus  spe¬ 
cific  T  cells  [79].  The  survival  signal  relies  on  IL-2R 
signaling  and  autocrine  IL-2  production  and  CD27 
is  responsible  for  long-term  survival  of  primed  CD8 
T  cells,  and  hence  memory.  CD27  function  has  been 
extensively  studied  in  mice  and  is  transiently  expressed 
during  the  germinal  center  reaction.  CD27  expres¬ 
sion  is  most  abundant  during  the  phase  of  expansion 
of  primed  B  cells  and  is  absent  from  memory  B  cells. 
It  appears  that  CD27  T  cells  provide  help  to  B  cells  to 
form  small  germinal  centers.  Additionally,  CD27  sig¬ 
naling  in  B  cells  results  in  enhanced  levels  of  plasma 
cell  formation  and  increased  IgG  production.  Interest¬ 
ingly,  constitutive  CD27  signaling  could  have  alternate 
effects  on  cellular  and  humoral  immunity  [79] .  Collec¬ 
tively,  the  data  elucidated  CD27  signaling  as  a  deter¬ 
minant  of  germinal  center  kinetics.  In  mouse  models, 
costimulatory  effect  of  CD27  was  necessary  for  anti- 
CD40  antitumor  efficacy  [so] .  Antitumor  efficacy  was 
shown  in  a  mouse  model  of  lymphoma  using  an  anti- 
CD27  mAh.  Anti-CD27  demonstrated  no  effect  in 
SCID  mice  suggesting  the  need  for  an  intact  adaptive 
immune  response  and  that  the  response  itself  was  not 
due  to  a  direct  effect  on  the  lymphoma  cells  [so] . 

A  fully  human  anti-CD27  mAh,  IF5,  increased  sur¬ 
vival  in  a  mouse  model  of  leukemia  and  lymphoma  [81] . 
Its  toxicity  was  assessed  in  a  non-human  primate  model 
and  has  entered  clinical  development  under  the  name 
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CDX-1127  (Varlilumab)  and  was  assessed  in  a  Phase  I 
clinical  trial  [82].  The  drug  was  well  tolerated  and 
responses  included  a  complete  response  in  a  patient 
with  stage  IV  Hodgkin’s  lymphoma  who  had  previ¬ 
ously  failed  stem  cell  transplant,  chemotherapy  and 
brentuximab-vedotin  and  three  additional  patients 
with  stable  disease. 

OX40/OX40L 

0X40  is  a  member  of  the  TNFR  superfamily  and  is 
expressed  on  activated  CD4  and  CD8  T  cells  as  well 
as  other  lymphoid  and  nonlymphoid  cells  [83] .  It  is  also 
expressed  in  natural  killer  (NK)  cells,  NKT  cells  and 
neutrophils.  OX40L  is  also  a  member  of  the  TNFR 
superfamily  and  its  expression  is  inducible  on  APC. 
Nonlymphoid  cells  can  also  be  induced  to  express 
OX40L  which  supports  of  the  role  of  the  0X40/ 
OX40L  pathway  in  regulating  the  T-cell  response. 
T  cells  themselves  can  express  OX40L  which  repre¬ 
sents  an  additional  mechanism  for  T-cell  response 
amplification.  TCR  signaling  is  sufficient  to  induce 
0X40  in  activated  CD4  and  CD8  T  cells,  however 
this  is  augmented  by  CD28  and  B7-1/B7-  2  interac¬ 
tion  and  modulated  by  cytokines  such  as  IL-1,  IL-2 
and  TNF  [83].  OX40L  expression  on  the  other  hand  is 
can  be  induced  on  APC  upon  activation  by  ligation  of 
CD40  or  by  Toll-like  receptors  [83]. 

The  OX40/OX40L  pathway  plays  a  large  role  in 
T  cell  expansion  and  survival,  primarily  by  maintain¬ 
ing  later  proliferation  and  T-cell  survival  through  the 
effector  phase  [83].  0X40  ligation  can  also  directly 
inhibit  naturally  occurring  Treg  activity  in  mice  pro¬ 
viding  another  means  to  promoting  effector  T-cell 
proliferation  and  survival  [83].  Foxp3  expression  on 
naive  CD4  T  cells  is  blocked  by  OX40/OX40L  activ¬ 
ity  which  supports  a  role  in  the  suppression  of  naive 
CD4  T-cells  differentiation  to  become  Treg.  There 
have  been  conflicting  reports  however  on  the  impact 
of  0X40  signaling,  which  is  expressed  constitutively 
expressed  on  Treg,  and  may  in  fact  promote  Treg 
responses  depending  on  the  cytokine  milieu  [84] . 

The  rationale  for  targeting  OX40/OX40L  signaling 
for  cancer  immunotherapy  is  supported  by  the  expres¬ 
sion  of  0X40  in  tumor  infiltrating  lymphocytes.  Pre- 
clinical  models  have  shown  that  injection  of  agonist 
OX40L-Ig  fusion  proteins,  0X40  mAh,  RNA  aptam- 
ers  that  bind  0X40  and  transfection  of  tumor  cells  or 
DCs  with  OX40L  can  all  suppress  tumor  growth  [83]. 
In  mouse  models  of  cancer  including  sarcoma,  mela¬ 
noma  and  glioma,  among  others,  0X40  activity  has 
been  shown  to  decrease  tumor  growth  [84].  The  mecha¬ 
nism  of  tumor  growth  suppression  is  related  to  CD8 
T-cell  survival,  and/or  promotion  of  CD4  T-cell  help 
for  CD8  T  cells.  There  may  be  an  additional  role  via 


augmentation  of  NK  cell  activity.  Tumor  infiltrating 
Tregs  express  high  levels  of  0X40,  and  the  signaling  of 
0X40  within  this  environment  suppressed  their  activ¬ 
ity  [85] .  In  animal  models,  stimulation  of  0X40  appears 
to  both  augment  antitumor  activity  as  well  as  suppress 
Treg  activity.  Human  studies  include  a  Phase  I  trial 
using  anti-OX40  mab  9B12  in  patients  with  advanced 
cancers  (NCT01644968  [86])  [87].  Therapy  was  well  tol¬ 
erated  with  no  maximum  tolerated  dose  reached.  Most 
common  grade  3  or  4  side  effects  included  lympho¬ 
penia  that  was  transient.  Best  response  to  therapy  by 
response  evaluation  criteria  in  solid  tumors  (RECIST) 
only  included  stable  disease  with  some  tumor  regres¬ 
sion  noted  but  less  than  30%  of  overall  tumor.  One 
limitation  of  this  agent  was  the  induction  of  human 
antimouse  antibodies,  which  precluded  patients  from 
receiving  additional  cycles.  Nevertheless,  this  study 
provides  evidence  in  humans  that  0X40  agonism  can 
augment  the  immune  system  by  stimulating  CD4  and 
CD8  T-cell  proliferation,  CD8  IFN-y  production  and 
increased  antibody  titers  and  T  cell  recall  in  response 
to  tetanus  immunization. 

It  seems  that  targeting  0X40  alone  may  not  be 
sufficient  to  elicit  a  robust  antitumor  response,  and 
thus  combination  immunotherapy,  particularly  with 
antagonistic  anti-CTLA-4  and  anti-PD-1  antibodies, 
has  been  an  area  of  study  in  preclinical  models  [84]. 
Combination  therapies  may  stimulate  complimen¬ 
tary  pathways  that  synergistically  respond  to  poorly 
immunogenic  or  large  tumors,  which  has  been  an  area 
of  weakness  in  immunotherapy.  Naturally,  synergism 
may  also  extend  to  worsening  the  toxicity  profile  of 
such  therapy  but  the  fact  the  anti-OX40  therapy  was 
fairly  well  tolerated  may  be  promising. 

CD40/CD40L 

CD40  and  its  ligand  CD40L  are  members  of  the 
TNFR/TNF  family  [88].  CD40  is  expressed  on  pro¬ 
fessional  APC  as  well  as  other  non-immune  cells  and 
tumors.  Its  ligand,  CD40L  is  transiently  expressed  on  T 
cells  and  other  non-immune  cells  under  inflammatory 
conditions  [88].  Inherited  lack  of  CD40L  is  responsible 
for  x-linked  hyper-IgM  syndrome  (H-XIM).  It  acti¬ 
vates  DCs  and  allows  them  to  stimulate  CD8  T-cell 
activation  and  proliferation  [89]. 

Binding  of  CD40L  to  CD40  promotes  CD40  clus¬ 
tering  on  the  cell  surface,  as  well  as  recruitment  of 
adapter  proteins  known  as  TRAFs  to  the  cytoplasmic 
domain  of  CD40  [88].  CD40  signaling  is  carried  for¬ 
ward  by  different  pathways  which  include  MAPKs,  NF 
kappa  B,  PLC  and  PI3K.  Additionally,  it  is  noted  that 
JAK3  binds  the  cytoplasmic  domain  of  CD40  and  can 
mediate  other  cellular  processes.  CD40/CD40L  can 
directly  activate  DCs  [89].  This  CD40/CD40L  inter¬ 
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action  is  necessary  for  the  maturation  and  survival  of 
DCs  and  CD40-dependent  maturation  of  DCs  leads 
to  sustained  expansion  and  differentiation  of  antigen 
specific  T  cells.  The  increased  life  span  of  DCs  is  very 
important  in  driving  cell-mediated  immunity.  With¬ 
out  the  CD40  survival  signal,  passive  apoptosis  of 
T  cell  is  induced  [88]. 

CD40  signaling  by  B  cells  is  required  for  the  gen¬ 
eration  of  high  titers  of  isotype  switched  high  affin¬ 
ity  antibody  as  well  as  for  the  development  of  humoral 
immune  memory  [88].  The  binding  of  CD40L  on  CD4 
T  cells  to  CD40  on  activated  B  cells  is  an  important 
step  in  initiation  and  progression  of  the  humoral 
immune  response.  Once  CD40  signaling  is  active, 
there  are  downstream  effects  including  B-cell  intra¬ 
cellular  adhesion,  sustained  proliferation,  differentia¬ 
tion  and  antibody  isotype  switching.  This  process  is 
essential  for  memory  B  cells  and  long  lived  plasma 
cells.  B-cell  fate  is  heavily  influenced  by  CD40  sig¬ 
naling  [88],  This  signaling  via  binding  of  CD40  and 
CD40L  can  help  determine  whether  the  maturing  B 
cell  becomes  a  plasmablast  or  seeds  a  germinal  center. 
With  the  activated  CD40  pathway,  the  B  cell  will  go 
on  to  form  a  germinal  center.  The  lack  of  CD40  sig¬ 
naling  is  sufficient  to  block  germinal  center  formation. 
T  helper  cells  are  recruited  to  these  germinal  centers, 
some  of  which  express  CD40L  on  their  cell  surface, 
which  serve  to  maintain  the  germinal  center.  The  lack 
of  CD40  signaling  in  germinal  center  B  cells  increase 
Fas  dependent  apoptosis. 

CD40  is  expressed  in  mouse  and  human  models  of 
melanoma,  prostate  and  lung  cancers,  and  carcino¬ 
mas  of  the  nasopharynx,  bladder  cervix  and  ovary  [88]. 
Hematologic  malignancies  such  as  non-Hodgkin’s 
lymphoma,  Hodgkin’s  lymphoma,  acute  leukemias  and 
multiple  myeloma  also  express  CD40.  Anti-CD40L 
mAh  treatment  inhibits  the  generation  of  protective 
immune  responses  from  potent  tumor  vaccines  [90]. 
Additionally,  using  CD40  deficient  mice,  no  protec¬ 
tive  antitumor  immune  response  was  induced  follow¬ 
ing  a  protective  vaccination  regime.  Early  studies  using 
a  lymphoma  model  showed  that  agonistic  anti-CD40 
antibodies  were  able  to  eradicate  tumor.  Gene  delivery 
of  CD40L  to  DCs  and  tumor  cells  was  sufficient  to 
stimulate  a  long  lasting  systemic  antitumor  immune 
response  in  a  murine  model  [90] .  The  approach  of  gene 
therapy  with  adenovirus  expressing  CD40L  has  been 
shown  to  be  successful  in  colorectal  carcinoma,  lung 
carcinoma  and  melanoma  murine  models.  CD40  ago- 
nism  alone,  however,  was  not  sufficient  for  antitumor 
response  likely  due  to  the  lack  of  TLR  signaling. 

Clinically,  recombinant  CD40L  has  been  used  in 
patients  with  solid  tumors  or  non-Hodgkin’s  lym¬ 
phoma  given  subcutaneously  daily  for  5  days  in  a 


Phase  I  clinical  trial  [91] .  Responses  to  therapy  included 
6%  of  patients  with  a  partial  response  and  one  patient 
with  a  complete  response.  Humanized  agonistic 
CD40  mAh  include  CP-870,893,  SGN-40  and  HCD 
122.  In  a  Phase  I  trial,  CP-870,893  produced  a  par¬ 
tial  response  in  14%  of  patients  (27%  of  melanoma 
patients).  Dose-limiting  toxicities  were  observed  and 
included  cytokine  release  syndrome  [88] .  Dacetuzumab 
(SGN-40)  is  a  weak  agonist  and  was  studied  in  a  Phase 

I  trial  in  patients  with  refractory  or  recurrent  B-cell 
non-Hodgkin’s  lymphoma  [92],  Toxicity  was  shown 
to  be  acceptable  and  antitumor  activity  was  seen  with 
six  objective  responses,  13  patients  with  stable  disease. 
The  overall  response  rate  for  patients  in  this  cohort  was 
18%.  In  a  Phase  II  trial  with  this  drug,  46  patients 
again  with  relapsed  or  refractory  diffuse  large  B-cell 
lymphoma  were  treated  and  the  overall  response  rate 
was  9%  and  disease  control  rate  (stable  disease  or 
better)  was  37%  [92].  Lucatumumab  (HCD122)  is  a 
fully  human  anti-CD40  antagonist  and  was  tested 
in  28  patients  with  refractory  or  relapsed  MM  [93]. 
Responses  included  12  patients  with  stable  disease,  and 
one  patient  maintaining  a  partial  response  for  greater 
than  8  months.  It  was  also  well  tolerated  with  a  good 
safety  profile. 

CD137(4-1BB)/CD137L 

CD137,  also  known  as  4-1BB,  is  an  induced  T-cell 
costimulator  molecule  and  a  member  of  TNFR  super¬ 
family  [94],  CD137  is  induced  on  activated  CD4  and 
CD8  T  cells,  NK  cells  and  constitutively  on  DCs, 
Tregs,  monocytes  and  myeloid  cells  [94,95].  Its  ligand 
4-1BBL  is  expressed  on  B  cells,  DCs,  macrophages, 
activated  T  cells  and  endothelial  cells  [94-96].  Ago¬ 
nistic  CD  137  mAh  stimulated  the  proliferation  of 
CD4  and  CD8  T  cells,  mainly  CD8  CTL,  increased 
cytokine  production,  prevent  activation  induced  cell 
death  [94,97]  and  in  absence  of  cognate  signals  increases 
the  memory  T-cell  expansion  [98],  Large  tumors  in 
mice  are  eradicated  with  increased  cytotoxic  T-cell 
activity  in  poorly  immunogenic  Agl04A  sarcoma  and 
highly  tumorigenic  P815  mastocytoma  using  agonist 
CD137  mAh  [99].  CD  137  agonist  mAbs  also  increase 
adhesion  molecules  ICAM-1,  VCAM  1  and  E-selectin 
thus  increasing  the  trafficking  of  activated  T-cells  into 
tumor  and  also  prevent  immune  tolerance  by  prevent¬ 
ing  induction  of  CD8  CTL  anergy  to  soluble  tumor 
antigens  [too], 

Urelumab  (BMS  663513)  is  humanized  IgG4 
mAh  and  PF  05082566  is  humanized  IgG2  mAbs 
for  CD  137  which  are  currently  in  clinical  develop¬ 
ment  [10U02].  BMS  663513  was  tested  in  a  Phase  1/ 

II  trial  with  locally  advanced  and  metastatic  solid 
tumors.  Initially  patients  with  melanoma  have  been 
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enrolled  but  enrollment  has  been  expanded  to  include 
renal  cell  and  ovarian  cancer  patients  [103].  Treatment 
is  well  tolerated  and  responses  included  three  partial 
responses  and  four  with  stable  disease  [104].  A  ran¬ 
domized  Phase  II  trial  (NCT00612664)  in  metastatic 
melanoma  patients  as  a  second-line  therapy  was  termi¬ 
nated  due  to  grade  4  hepatitis  [95] .  Urelumab  is  being 
tested  with  rituximab  in  B-cell  non-Hodgkin’s  lym¬ 
phoma  or  chronic  lymphocytic  leukemia  as  enhanced 
antibody-dependent  cytotoxicity  by  rituximab  was 
noted  after  activation  of  NK  cells  with  CD137  [105]. 
Addition  of  anti-CD  137  mAh  to  cetuximab  improves 
efficiency  of  cetuximab  in  head  and  neck  tumors  as 
well  as  KRAS  mutant  and  wild-type  colorectal  cancer, 
which  provides  further  evidence  for  the  use  of  immu¬ 
notherapy,  specifically  anti-CD137,  in  combination 
with  other  agents  [106] .  PF-05082566  was  tested  in 
a  Phase  I  study  of  27  patients  and  is  well  tolerated 
with  mostly  grade  1  adverse  effects  with  one  grade  3 
elevated  alkaline  phosphatase  was  noted  [107] . 

GITR 

GITR  is  a  member  of  TNFR  superfamily  and  is  a 
co-stimulatory  receptor.  It  has  been  originally  discov¬ 
ered  as  up  regulated  in  dexamethasone  treated  murine 
T-cell  hybridomas  [108].  It  has  very  low  expression  in 
human  T  cells  but  constitutively  expressed  in  human 
Treg  [109].  Upon  stimulation,  naive  T  cells  and  Treg 
upregulate  GITR  in  a  similar  fashion  to  4-1 BB  and 
0X40  suggesting  their  role  in  latter  time  points  rather 
than  early  priming  [110].  GITR-L  is  expressed  in  DCs, 
macrophages  and  B  cells  and  is  upregulated  upon 
activation.  GITR-L  is  also  found  in  endothelial  and 
activated  T  cells  and  may  have  role  in  leukocyte  adhe¬ 
sion  [110].  Its  function  is  similar  to  0X40  and  4- IBB;  it 
sends  costimulatory  signals  inducing  T-cell  prolifera¬ 
tion,  effector  function  and  protects  T  cells  from  acti¬ 
vation  induced  cell  death  [110].  Combined  anti-PD-1 
blockage  and  GITR  costimulation  has  potent  anti¬ 
tumor  activity  in  murine  ID8  ovarian  cancer  model 
and  is  synergistic  with  chemotherapeutic  agents.  This 
combination  promotes  accumulation  of  CD4,  CD8  T 
cells  with  decreased  Treg  and  myeloid  derived  suppres¬ 
sive  cells  [111].  TRX518,  an  anti-GITR  mAh,  is  being 
studied  in  a  Phase  I  study  in  patients  with  stage  III 
or  stage  IV  melanoma  or  other  solid  tumor  malignan¬ 
cies  (NCT01239134  [86]).  To  circumvent  autoimmune 
complications  from  immunomodulators  mRNA  trans¬ 
fected  DCs  are  used  locally  to  deliver  anti  CTLA-4 
mAh  and  soluble  GITR-L  while  increasing  the  anti¬ 
tumor  immune  responses  [112].  Phase  I  clinical  trial  of 
a  DC  vaccine  that  entails  intranodal  injection  of  DCs 
transfected  with  mRNA  encoding  tumor  antigens 
along  with  DCs  transfected  with  mRNA  encoding 


soluble  human  GIRT-L  and  anti  CTLA-4  mAh  is  in 
progress  (NCT  01216436  [86]). 

Tim-3 

Tim-3  was  first  described  in  2002  [113].  It  is  expressed 
on  CD4  T  cells  and  CD8  CTLs.  Tim-3  binds  several 
molecules  including  Gal-9,  CEACAM1,  HMGB1 
as  well  as  glycosylated  molecules  [114] .  Binding  of  its 
ligand,  Gal-9  induces  cell  death  and  thus  illustrating  its 
role  as  a  negative  regulatory  molecule,  with  particular 
importance  in  Thl-  and  Tcl-driven  responses.  Tim-3 
is  expressed  on  all  IFN-y  secreting  Thl  cells  as  well  as 
DCs  [113].  Thl  immunity  is  regulated  via  binding  of  its 
ligand,  Gal-9,  directly  triggering  cell  death.  It  has  also 
been  shown  that  Tim-3/Gal-9  binding  also  suppresses 
immune  responses  indirectly  by  expanding  the  popula¬ 
tion  of  myeloid  derived  suppressor  cells  [113].  Tim-3  has 
been  implicated  in  inducing  T-cell  exhaustion  in  sev¬ 
eral  scenarios  including  chronic  viral  infections  such 
as  hepatitis  C  and  HIV,  bacterial  infections  and  can¬ 
cer  [113].  In  murine  models  of  colon  adenocarcinoma, 
melanoma  and  mammary  adenocarcinoma,  Tim-3 
can  be  co-expressed  with  PD-1  in  tumor  infiltrating 
CD4  and  CD8  T  cells.  Tim-3+PD-L  CD8  T  cells  were 
among  the  most  impaired  T  cells  with  reduced  prolif¬ 
eration  and  decreased  production  of  IL-2,  TNF  and 
IFN-y.  In  vivo ,  Tim-3  blockade  in  concert  with  PD-1 
blockade  produced  a  significantly  higher  antitumor 
effect  than  either  one  alone.  Additionally,  this  com¬ 
bined  blockade  increased  the  frequency  of  proliferating 
antigen  specific  CD8  T  cells. 

LAG -3 

LAG-3,  also  called  CD223,  is  expressed  on  acti¬ 
vated  T  cells,  NK  cells,  B  cells  and  tumor  infiltrat¬ 
ing  lymphocytes  [115].  It  is  closely  related  to  CD4; 
it  is  a  member  of  the  immunoglobulin  superfamily 
and  its  gene  is  located  near  CD4  on  chromosome  12. 
LAG-3  is  a  negative  regulator  of  T-cell  activation  and 
homeostasis  [115].  LAG-3  binds  to  MHC  class  II  mol¬ 
ecules  with  high  affinity  [116].  LAG-3  cross-linking 
on  activated  human  T  cells  induces  T-cell  functional 
unresponsiveness  and  inhibits  TCR-induced  calcium 
ion  fluxes.  Similar  to  CD4  and  CD8,  LAG-3  is  con¬ 
sidered  to  be  a  coreceptor  to  the  CD3-TCR  complex. 
Inhibition  of  cytokines,  such  as  IL-2,  is  induced  by 
LAG-3  in  vitro.  It  decreases  the  pool  of  memory 
CD4  and  CD8  T  cells.  It  also  increases  the  suppres¬ 
sive  activity  of  Treg.  For  maximal  suppressive  activ¬ 
ity  of  Treg,  LAG-3  signaling  is  required  [117].  It  was 
not  clear  however,  if  the  signal  alone  was  sufficient. 
Within  the  tumor  microenvironment  LAG-3  pro¬ 
motes  immune  tolerance  of  the  tumor  by  inhibiting 
APC  and  T-cell  function  [118]. 


future  science  group 


www.futuremedicine.com 


10.2217/imt. 15.78 


Review 


Assal,  Kaner,  Pendurti  &  Zang 


Malignant  mouse  and  human  tissue  has  been 
shown  to  co-express  PD-L1  and  LAG-3  [119] .  A  sig¬ 
nificant  percentage  of  tumor  infiltrating  CD4  and 
CD8  T  cells  from  mouse  tumor  models  of  melanoma, 
colorectal  adenocarcinoma  and  fibrosarcoma,  express 
high  levels  of  LAG-3  and  PD-1.  When  using  anti- 
LAG-3  immunotherapy,  reduced  growth  of  fibrosar¬ 
coma  and  colorectal  adenocarcinoma  is  observed  in 
some  mice.  This  same  effect  is  seen  with  anti-PD-1 
monotherapy.  Anti-LAG-3  produced  a  synergistic 
effect  when  combined  with  anti-PD-1  immuno¬ 
therapy  with  70%  of  the  fibrosarcoma  and  80%  of 
colorectal  adenocarcinoma  mice  noted  to  be  tumor 
free  [119].  This  regimen,  however,  was  shown  to  have 
no  effect  on  the  melanoma  model.  Interestingly, 
treating  mice  with  anti-LAG-3/anti-PD-l  combined 
therapy  is  proposed  to  be  less  toxic  given  that  LAG-3 
and  PD-1  co-expression  is  largely  limited  to  tumor 
infiltrating  lymphocytes. 

IMP321  is  a  clinical  grade  LAG-3-Ig  recombinant 
fusion  protein  that  antagonizes  normal  LAG-3  func¬ 
tioning  [120].  In  2009  the  results  of  the  first  Phase  I 
study  involving  IMP321  alone  was  released.  Patients 
with  advanced  renal  cell  carcinoma  were  treated  [121]. 
No  significant  adverse  events  occurred.  Tumor  growth 
reduction  was  seen  and  progression-free  survival 
was  better  in  those  patients  receiving  higher  doses 
(>6  mg).  Out  of  eight  patients  treated  with  high  dose 
IMP321,  seven  had  stable  disease  at  3  months  com¬ 
pared  with  only  three  of  1 1  in  the  lower  dose  group. 
Another  Phase  I  trial  of  IMP321  and  paclitaxel  in 
metastatic  breast  cancer  was  conducted  [122].  Patients 
treated  with  IMP321  were  found  to  have  a  sustained 
increase  in  the  number  and  activation  of  monocytes 
and  DCs  as  well  as  an  increase  in  the  percentage  of 
NK  and  long  lived  cytotoxic  effector  memory  CD8 
T  cells,  which  correlates  well  with  the  preclinical 
data.  Additionally  90%  of  patients  had  some  clini¬ 
cal  benefit,  with  only  three  of  12  patients  progress¬ 
ing  by  6  months.  Objective  tumor  response  rate  was 
50%  compared  with  the  historic  control  group  of 
25%  [122].  IMP321  is  well  tolerated  as  well.  There 
were  several  other  Phase  I  trials  combining  IMP321 
with  other  agents.  In  18  patients  with  advanced  pan¬ 
creatic  adenocarcinoma,  IMP321  was  combined  with 
conventional  gemcitabine  and  had  a  good  safety  pro¬ 
file  [123].  Its  clinical  benefit  was  hard  to  evaluate  likely 
due  to  suboptimal  dosing  of  gemcitabine.  IMP321 
was  combined  with  an  anticancer  vaccine  MART-1 
peptide  and  used  in  12  patients  with  advanced  mela¬ 
noma  [124],  Six  patients  received  MART-1  alone  and 
six  in  combination  with  IMP321.  One  patient  expe¬ 
rienced  a  partial  response  in  the  IMP321  group  and 
none  in  the  MART-1  alone  group. 


BTLA 

BTLA  (CD272)  is  a  transmembrane  protein  that 
is  expressed  on  Thl  cells  as  well  as  B  cells  and 
DCs  [125-127].  BTLA,  via  interaction  with  HVEM  (her¬ 
pes  virus  entry  mediator),  inhibits  cancer  specific  CD8 
T  cells  [127].  HVEM  is  expressed  in  hematopoietic  cells, 
including  B  and  T  cells,  as  well  as  in  nonhematopoietic 
cells  (parenchymal  cells)  [126] .  HVEM  is  also  expressed 
in  melanoma  cells  and  variety  of  solid  tumors  [126]. 
Hodgkin’s  lymphoma,  B-cell  non-Hodgkin’s  lym¬ 
phoma  and  some  T-cell  non-Hodgkin’s  lymphomas  use 
BTLA  for  immune  evasion  [127].  BTLA  and  HVEM 
are  highly  expressed  in  B-cell  chronic  lymphocytic 
leukemia  suggesting  their  role  in  pathogenesis  [126,128]. 
BTLA-HVEM  is  implicated  in  Vy9V52  T-cell  prolif¬ 
eration,  differentiation  and  has  a  critical  role  in  their 
control  of  lymphogenesis  [129].  T-cell  responses  against 
minor  histocompatibility  antigens  on  malignant  cells 
play  an  important  role  for  cure  in  hematological  malig¬ 
nancies  after  allogeneic  stem  cell  transplant  via  graft 
versus  tumor  effect.  BTLA  suppresses  minor  histocom¬ 
patibility  antigen-specific  CD8  T  cells  after  allogeneic 
stem  cell  transplant  thus  providing  a  rationale  for  its 
clinical  utility  in  post  transplantation  therapies  [130]. 
High  BTLA  expression  is  associated  with  shorter  sur¬ 
vival  in  gastric  cancer  [131] .  BTLA  expression  is  upregu- 
lated  on  cytotoxic  CD8  T  cells  in  peripheral  blood  of 
patients  with  hepatocellular  carcinoma  and  correlates 
with  disease  progression  and  increased  expression  is 
associated  with  high  recurrence  rates  [132] .  Downregu- 
lation  of  BTLA  in  vivo  can  be  attained  by  adding  CpG 
oligonucleotides  to  vaccine  formulation,  which  leads  to 
increased  resistance  to  BTLA/HVEM  inhibition  [133]. 
Because  of  the  role  of  BTLA/HVEM  in  hematological 
as  well  as  solid  tumors,  BTLA  inhibition  also  represents 
a  target  for  cancer  immunotherapy. 

IDO  synthase 

Tryptophan  plays  an  important  role  in  peripheral 
immune  tolerance  through  its  rate  limiting  tryptophan 
degradation  along  the  kynurenine  pathway,  including 
IDOl  and  tryptophan-2, 3-dioxygenase  (TDO).  Short¬ 
age  of  tryptophan  leads  to  cell  cycle  arrest,  decreased 
proliferation  through  inactivation  of  mTOR  pathway, 
while  tryptophan  metabolites  can  cause  T-cell  apop¬ 
tosis,  and  induce  differentiation  of  Tregs.  Tumors  can 
evade  the  immune  system  by  hijacking  tryptophan 
catabolizing  enzymes  IDOl  and  TDO  [134] .  IDOl 
protein  is  expressed  in  mature  DCs  in  lymphoid  tis¬ 
sues,  some  epithelial  cells  of  female  genital  tract,  pla¬ 
cental  and  pulmonary  endothelial  cells  [135].  IDOl 
positive  cells  are  scattered  in  human  and  tumoral  lym¬ 
phoid  tissues  particularly  in  cervical,  colorectal  and 
gastric  carcinomas.  It  is  highly  present  in  vascular  cells 
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in  renal  cell  cancer  [135].  Expression  of  IDOl  is  highest 
in  endometrial  and  cervical  cancers  followed  by  kid¬ 
ney  and  lung  [135].  IDOl  expression  is  associated  with 
aggressive  phenotype,  poor  prognosis,  shorter  survival 
and  increased  Tregs  [136].  IDOl  inhibitors  were  shown 
to  exhibit  antitumor  effect  in  mouse  models  alone  as 
well  as  have  synergistic  effects  with  a  variety  of  che¬ 
motherapeutic  agents  in  preclinical  models  [137-140] . 
Indoximod  is  an  IDO  inhibitor  that  is  being  studied 
in  a  Phase  II  trial  with  taxane  chemotherapy  in  meta¬ 
static  breast  cancer  (NCT  01792050  [86]).  IDO  inhibi¬ 
tors  can  provide  a  synergistic  effect  when  administered 
with  vaccines  and  immunotherapy;  IDO  induction 
in  response  to  inflammation  can  attenuate  antitumor 
vaccine  [139].  This  provided  the  rationale  for  a  random¬ 
ized  Phase  II  study  of  Indoximod  with  Sipuleucel-T 
(Provenge®)  in  the  treatment  of  patients  with  asymp¬ 
tomatic  or  minimally  symptomatic  metastatic  castra¬ 
tion  resistant  prostate  cancer  (NCT01560923  [86]). 
Other  studies  include  a  Phase  I  study  of  NLG-919,  an 
IDO  inhibitor,  for  patients  with  advanced  solid  tumor 
malignancies  and  a  Phase  I/II  trial  of  the  indoximod 
in  combination  with  ipilimumab  for  the  treatment  of 
unresectable  advanced  stage  melanoma  [141,142], 

Conclusion  &  future  perspective 

Our  understanding  of  immune  dysfunction  in  cancer 
continues  to  develop.  Growth  and  progression  of  can¬ 
cer  are  made  possible  by  the  ability  of  the  malignant 
cells  to  manipulate  immune  checkpoint  pathways  that 
prevent  immune  overstimulation.  Significant  progress 
has  been  made  in  the  field  with  mAh  against  CTLA-4 
and  now  PD-1  in  clinical  use.  This  gives  credence  to 
the  efforts  aimed  at  developing  agents  targeting  other 
immune  modulatory  pathways.  The  success  PD-1 
inhibitors  may  very  well  translate  to  PD -LI  inhibi¬ 
tors  being  successful  in  the  clinic.  PD-L1  is  widely 
expressed  in  a  variety  of  tumors  and  PD-L1  inhibitors 
have  shown  impressive,  albeit  preliminary,  results  in 
areas  of  unmet  need  such  as  urothelial  bladder  can¬ 
cer  which  has  been  resistant  to  conventional  chemo¬ 
therapy  [34,50],  Other  B7  family  members  are  emerg¬ 
ing  as  clinical  target  in  preclinical  models  such  as  B7x, 
HHLA2  and  B7-H3.  Other  immunoglobulin  super¬ 
family  members  such  as  Tim-3  and  VISTA  also  show 
promise  in  preclinical  models.  LAG-3  targeting  mol¬ 
ecules  have  also  reached  clinical  trials  with  good  safety 
profile  and  evidence  of  antitumor  efficacy. 

TNLR  superfamily  member  also  hold  promise  in 
cancer  immunotherapy.  Preclinical  and  clinical  data 
support  targeting  CD27  where  a  durable  response 
was  noted  as  well  [81,82],  mAh  targeting  CD40L  have 
reached  clinical  trials  although  the  clinical  experience 
in  the  CD40/CD40L  pathway  illustrates  some  of  the 


caution  needed  with  immune  disinhibition,  particu¬ 
larly  in  unwanted  side  effects  such  as  cytokine  release 
syndrome  [88,92,93].  0X40,  CD137  and  GITR  antibod¬ 
ies  have  also  reached  clinical  trials  providing  further 
evidence  that  TNLR  family  members  are  viable  targets 
for  cancer  immunotherapy  [101-104,112].  Table  1  is  the 
summary  of  clinical  trials  with  agents  targeting  immu¬ 
nomodulatory  pathways  beyond  CTLA-4  and  PD-1/ 
PD-L1. 

The  redundancy  in  inhibitory  immune  checkpoint 
molecules  sheds  light  on  the  complexity  of  immune 
regulation.  It  also  allows  for  the  targeting  of  these  mol¬ 
ecules  in  succession  or  in  combination.  A  new  path¬ 
way  may  be  targeted  after  the  efficacy  of  an  earlier 
immunotherapy  is  exhausted  as  evidenced  by  the  suc¬ 
cess  of  PD-1  targeting  mAbs  in  ipilimumab-refractory 
tumors  indicating  that  tumors  may  recruit  additional 
pathways  when  one  is  blocked,  or  several  pathways 
may  be  in  fact  be  recruited  simultaneously  by  tumor 
cells  [24,25,31].  Efficacy  of  ipilimumab  in  combina¬ 
tion  with  nivolumab  also  illustrates  that  tumors  may 
recruit  more  than  one  inhibitory  pathway  at  the  same 
time  [143]. 

Another  interesting  dilemma  that  emerges  as  cancer 
immunotherapy  gains  momentum  is  integrating  these 
novel  agents  with  current  regimens  that  mainly  consist 
of  conventional  cytotoxic  chemotherapy.  On  one  hand, 
conventional  wisdom  may  lead  us  to  believe  that  che¬ 
motherapy  may  be  synergistic.  The  immunosuppressive 
effect  of  chemotherapy  however  can  have  unpredict¬ 
able  effects  on  the  immune  system.  Cyclophosphamide 
has  been  used  as  a  Treg  depleting  agents  in  preclini¬ 
cal  models  with  some  success  [144,145] .  Combination 
regimens  have  also  reached  clinical  trials  [34,122,123]. 
Combination  of  immune  checkpoint  inhibitors  have 
also  been  studied  with  traditional  immunotherapies 
or  targeted  therapies  such  as  rituximab  and  cetuximab 
where  they  show  efficacy  and  tolerability  [105,106,146]. 
With  evidence  pointing  to  better  outcomes  in  second 
line  setting  or  even  first  line  setting  of  immunothera¬ 
pies,  cancer  immunotherapy  will  play  a  vital  role  in  the 
future  of  oncology  [24,31,147] . 
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Executive  summary 


Cancer  immunotherapy  targets  in  clinical  trials 

•  PD  L-1  blockade  can  restore  cytotoxic  T-lymphocyte  antitumor  activity. 

•  CD27  is  a  hematologic  malignancy  marker  that  has  been  targeted  in  Phase  I  trials. 

•  Lag-3  is  a  co-inhibitory  molecule  and  blocking  antibodies  have  reached  clinical  trials. 

•  CD40,  CD137  and  GITR  agonism  may  play  a  role  in  cancer  immunotherapy  and  have  reached  Phase  I  and 
Phase  II  trials. 

•  Indoleamine  2,3-dioxygenase  is  not  a  cell-surface  protein  and  inhibitors  have  reached  clinical  trials. 

Emerging  targets  for  cancer  immunotherapy  still  in  preclinical  study 

•  B7x,  HHLA  2,  B7-H3  are  B7  family  members  that  have  inhibitory  role  and  are  expressed  by  tumor  cells. 

•  Tim-3,  VISTA  and  BTLA  blockade  are  emerging  targets  in  preclinical  models. 

•  Agonism  of  stimulatory  molecules  0X40  and  OX40L  may  also  play  a  role  in  cancer  immunotherapy. 

Conclusion 

•  T-cell  disinhibition  is  now  a  clinically  effective  approach. 

•  Targeting  of  several  pathways  may  be  done  in  succession  or  in  concert. 

•  Immunotherapy  can  be  more  effective  than  chemotherapy  especially  in  the  second-line  setting. 
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